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''What we see now is  l ik e  a dim  

image in  a m ir ro r "

 ̂ COR. 13: 12



ABSTRACT

Upper Oligocène limestones up to c.bO  m th ick  form disconnected 

outcrops w ith in  a 20 km radius of Sciacca in southwest S ic i l y .  Two 

fac ies  are present: foram ini fe ra l  grainstone-packstones (dominated

by large benthonic fo ra m in ife ra ,  p a r t ic u la r ly  Lepidocyclines), and 

rh o d o l i th ic  a lg a l packstone-wackestones ( in  which e ig h t species of cor

a l l i n e  red algae are p resen t) .  Petrology, fauna and f lo r a  ind icate  

deposition in cool oxygenated waters of normal marine s a l in i t y  a t  dep

ths of 80-250 m in tro p ic a l  subtropical la t i tu d e s ;  the two facies rep

resenting d iffe rences  in local water depth and turbulence. Rare fe ld 

spars w ith in  the limestones are d ia g en e tic ,  with a var iab le  sodic o l ig o -  

clase -  c a lc ic  anorthoclase composition re la ted  to localised  synchronous 

g la u c o n it is a t io n .

The limestones re s t  disconformably on Cretaceous/Eocene carbon

a te s , lo c a l ly  burrowed by Tha lassino ides paradoxioa. A basal conglomer

ate  contains both lo c a l ly  derived limestone cobbles and allochthonous 

phosphatised Eocene pebbles. A ll phosphate occurs as f ra n c o l i te  r e 

placing limestone. Features of major, trace and Rare Earth elements 

c le a r ly  d i f f e r e n t ia t e  these phosphates from Lower Miocene phosphorites 

of both southeast S ic i ly  and the Maltese is lan d s , which have a very 

s im ila r  geochemistry.

Lower Miocene limestones form s im i la r  outcrops generally  to the 

north of the Upper Oligocene limestones and comprise a g laucon itic  lime

stone fa c ies  and a sandy limestone fa c ie s .  Glauconite occurs as u b iq u it 

ous p e l le ts ,  i t s  geochemistry in d ica tin g  formation by a gradational a l 

te ra t io n  of calcium carbonate. Petrology ind icates deposition of the 

sediments in an outer s h e lf  environment. F ie ld  re la t io n s  of the two 

fa c ie s  in d ica te  th a t  the Western S ic i ly  Bridge {a u o t,)  was a positive  

s tru c tu ra l  fea tu re  from basal Miocene times, acting as a b a rr ie r  to the 

arenaceous Numidian Flysch fa c ies  derived from the west-southwest.

Porosity o f  the Oligocene -  Miocene limestones has been greatly  

reduced by compaction and by phases of both e a r ly  submarine and la te



n

subaerial diagenesis. Southward thrusting  and associated fo ld ing  post 

Lower Miocene times have s l ig h t ly  transported the sequences from th e ir  

o r ig in a l  (Saccense) carbonate platform and (S ican i)  basin environments.
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C H A P T E R  1

INTRODUCTION

1.1 General
2

Rocks described in th is  thes is  comprise some 50 km o f Upper 

Oligocene - Lower Miocene limestones outcropping in  an area 25 km 

square in  the western Sicani mountains s itu a ted  to  the north o f  

Sciacca in  southwest S ic i l y  (F ig . 1 . 1 ) .  The island o f S ic i ly  is  

i t s e l f  o f  geological in te re s t  because o f  i t s  central Mediterranean 

p o s it ion  (F ig .  1 . 2 ) ,  between the continental areas o f Europe and 

A fr ica  and between the eastern and western Mediterranean hydrographic 

basins. The western Sicani mountains form one o f  two areas o f S ic i ly  

r e la t i v e ly  undeformed by Alpine te c to n ic s ,  preserving a d is t in c t iv e  

s u ite  o f  m id -T e r t ia ry  shallow water carbonates. These carbonates span 

the Palaeogene-Neogene boundary in age, and immediately pre-date  the 

faunal is o la t io n  o f  the Mediterranean brought about by closure o f  i ts  

eastern and western ends towards the end o f  the Lower Miocene. The 

area is  th e re fo re  o f  more than local in te re s t .

This study is designed to extend and complement recent palaeo- 

environmental studies by o ther Bedford College students (Bennett, 1980; 

C h a l l is ,  1980) on s im i la r  m id -T e r t ia ry  carbonates o f  the adjacent 

Maltese is lan d s , and to contr ibute  to  the ob jectives  of the UNESCO/IUGS 

In te rn a t io n a l  Geological C orre la t ion  Programme (IGCP) P ro jec t 25 (S t r a t 

ig rap h ie  C o rre la t ion  o f the Tethys-Paratethys Neogene), IGCP Project 156 

(P hosphorites),  the lUGS/ICS "Working Party on the Paleogene-Neogene 

Boundary", and the lUGS Regional Committee on the Mediterranean Neogene 

S tra t ig ra p h y 's  "Working Group on Marine Neogene Macrofaunal Palaeo- 

environments and B io s tra t ig rap h y" .

1 .2 Regional S e tt in g
o

S ic i l y  is  an island o f  some 26000 km measuring 270 km east-west 

and 180 km (maximum) north-south. I t  is s itu a ted  in  the central
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Mediterranean Sea, bounded to the north by the Tyrrhenian Sea (F ig .

1 . 2 ) ,  to the east by the S t r a i t  of Messina and the Ionian Sea and to 

the south by the S t r a i t  of S ic i l y .  The European mainland, represented 

by the peninsula o f  I t a l y ,  l i e s  3 km to the east and the nearest point 

o f  A f r ic a ,  T u n is ia ,  l i e s  120 km to the west-southwest. The Maltese 

is lands are s ituated  100 km to the south.

S ic i l y  forms part  o f  a ridge which separates the two main hydro-

graphic basins o f the modern Mediterranean: the g eo lo g ica lly  recent

western basin from the g e o lo g ic a lly  much o ld er  eastern basin. The

western basin is w idely accepted to have formed la rg e ly  during the mid-

T e r t ia r y  "Alpine" orogeny w hile  the eastern basin is a r e l i c t  o f  the  

Mesozoic Tethyan ocean (B i ju -D u v a l , e t  a Z . , 1974; Auzende & O l iv e t ,

1974; Lambscher & B e rn o u ll i ,  1977).

1 .3  S tructura l S e tt in g

Although geographically  part of Europe, g eo lo g ica lly  S ic i ly  marks 

the northern margin o f  the African p la te  (B o cca le tt i  & Guazzone, 1975).

The island has suffered major tectonism. Six s truc tu ra l units  

are w idely  recognised (F ig .  1 .3 ) .  The most deformed rocks (Calabrian-  

P e lo r i ta n i  u n i t )  occur in  the northeast corner o f the is land . Those 

le a s t  deformed are limestones o f two areas: in  the southeast. Eocene -

Miocene s h e lf  limestones o f the Iblean Plateau south o f  Catania (cur

re n t ly  being studied by Dr A. Di Grande o f  Catania U n ivers ity  and Dr H.M. 

Pedley o f  Polytechnic o f  North London); and in the southwest, the 

T r ia s s ic  -  Miocene limestones near Sciacca, o f  which the uppermost part  

o f  the sequence is  described here.

The tec to n ic  u n its  on the island are widely in te rpre ted  as la te ra l  

extensions o f  the Appenine and North A fr ican  mountain be lts  (B u ro l le t ,  

1967; Durrand-Delga, 1967; C a ire ,  1970, 1975; Ogniben, 1971, 1973; B iju -  

Duval e t  a l ,  y 1974; Brunn & B u ro l le t ,  1979). The C a lab rian -P e lo r itan i  

u n it  represents the most in te rn a l zone o f deformation in the Alpine  

orogeny, comparable w ith  the Betic o f  Spain. The undeformed areas o f the



Figure 1 .3  The tec ton ic  framework o f  S ic i l y  (from 
Catalano & D'Argenio, 1978).

1, C a la b r ia n -P e lo r i ta n i  u n its ;  2, S i c i l i d i  
u n its ;  3, units  derived from the Panormide, 
Imerese and Trapanese domains and deformed 
before Middle Tortonian; 4 , un its  derived  
from the Trapanese, Sicanian and Saccense 
domains and deformed a f t e r  the Middle 
Tortonian; 5, foredeep deposits; 6 , fo r e 
land; 7, maximum subsidence in the fo re 
deep; 8 , main exposed and buried th ru s t  
f r o n t s .
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Ib lean  Plateau and o f  Sciacca are foreland regions, representing the  

most external zone, comparable with the Pre-Betic  o f  Spain. The widely  

developed s tru c tu ra l  un its  between are comparable w ith the in t e r 

mediate Sub-Betic , o r  to the T e l l  Atlas o f  North A f r ic a ,  the Appenines 

o f  I t a l y ,  or the Dinarides of Eastern Europe (Durrand-Delga, 1967; 

Bemmelen, 1969; Ogniben, 1973).

Neogene sedimentary basins o v e r l ie  the interm ediate  s tructura l  

u n i ts ,  in d ic a t in g  zones o f  d i f f e r e n t i a l  subsidence. According to  

Calalano & D'Argenio (1 9 7 8 ) ,  a p o s it iv e  fe a tu re  extends from Palermo 

to Sciacca to form the "Western S ic i ly  Bridge" marking a zone o f u p l i f t  

a c t iv e  from the end o f Lower Miocene ( i . e .  post Burd iga lian) times to 

the P le is tocene. The "Bridge" separates the C a lta n is e tta  Neogene Basin 

in  south central S ic i ly  from the Castelvetrano Basin in western S ic i ly  

(F ig .  1 .3 ) .

The Bridge is  formed by a series o f  twelve th rus t sheets (termed 

s t r u c tu r a l -s t r a t ig r a p h ie  un its  by Catalano & D'Argenio, 1978, because o f  

the close re la t io n s h ip  between fac ies  boundaries and tec ton ic  discon

t i n u i t i e s ) .  In these, tec ton ic  transport is  in  a southerly d ire c t io n .

The most n o rth e rly  th ru s t  sheet has suffered the g rea tes t amount of trans

port w h i ls t  the more southerly  th ru s t  sheets show lesser amounts o f tran s 

p o rt .  The southernmost sheet is  believed by Channell e t a l ,  (1980) to be 

in  s i t u ,  and represent ( l i k e  the Ib lean p la teau) the northern extension 

o f  undeformed African  carbonate p la tform . Transport o f  these thrust 

sheets began in  the north in Upper Oligocene -  Lower Miocene times in the 

form o f  southward th ru s tin g  w ith  some degree o f clockwise ro ta t io n  (Channell 

e t a l , ,  1980). Deformation progressed southwards and became less intense 

to reach the southernmost th ru s t sheets, which were transported on high 

angle reverse f a u l t s ,  in  Upper Miocene to Middle Pliocene times. The 

to ta l  amount o f  shortening is  estimated by Catalano e t a l .  (1978) to be in  

the region o f  200 km, from an o r ig in a l  width o f  300 km to the present 

western S ic i l y  (Palermo-Sciacca) width o f  90 km.

This study is  concerned with rocks s itu a ted  on the f i r s t ,  second, 

th i r d  and f i f t h  most southerly th rus t sheets, respec tive ly  the Mt San



Calogero, Pizzo T e legra fo , Mt Genuardo and Mt Barracu -  Mt Colomba 

s tru c tu ra l  s tra t ig ra p h ie  un its  of Catalano and D'Argenio (1978).

The Mt San Calogero u n it  is believed to be in  s i t u  (Channel e t a l .

1980). The amount o f  tec ton ic  transport o f  the Pizzo Telegrafo and 

Mt Genuardo th ru s t sheets is  minimal and was incurred in Upper 

Miocene and Pliocene times (Catalano & D'Argenio, 1978; Channel e t a l.  

1980). I t  there fo re  has l i t t l e  e f fe c t  on the in te rp re ta t io n  o f Upper 

Oligocene and Lower Miocene regional environments. The amount of  

movement on the Mt Barracu -  Mt Colomba th ru s t sheet is probably much 

g re a te r .  The Lower Miocene limestones from th is  u n it  were s ituated  

some dis tance northwards in Lower Miocene times, and th is  must be 

allowed fo r  in regional palaeoenvironmental in te rp re ta t io n s .

1.4  S tra t ig ra p h ie  S etting

Western S ic i ly  represents an area o f carbonate platforms and 

associated basins whose development began in the T r ia s s ic  and continued 

u n t i l  the Lower Miocene, when deformation o f the western S ic i ly  contin 

enta l margin began as a consequence of c o l l is io n  orogeny (Catalano & 

D'Argenio, 1978, 1981).

Catalano and D'Argenio (1978) d is tingu ish  three stages in the 

o v era l l  evo lution  o f western S ic i ly :

1) Continental r i f t i n g  (Middle to Upper T r ia s s ic ) .  An in t r a -  

cra to n ic  basin (the Lercara Basin) developed in Middle T r iass ic  times, 

presumably as a response to te n s i le  tec to n ics . This basin was flanked  

by carbonate p latform  fac ies  which were possibly linked along a western 

prolongation (Scandone e t a l . ,  1974). In Upper T r ias s ic  (Norian) times 

an in term ediate  carbonate p latform  developed by prolongation from the 

west, d iv id in g  the o r ig in a l  basin in two. Three carbonate platforms are 

th e re fo re  associated with two intervening basins, o f  general east-west 

trend . These are (from north to south): Panormide Carbonate Platform,

Imerese Basin, Trapanese Carbonate P latform , Sicani Basin and Saccense 

Carbonate P latform  (F ig . 1 .4 ) .  (This palaeogeographic in te rp re ta t io n  is 

well established in the l i t e r a t u r e  and i t s  broad features accepted by a 

range of d i f f e r e n t  authors: e .g .  Broquet e t a l . ,  1966; Broquet, 1970;



Figure 1 .4  The palaeogeography o f western S ic i ly  in Middle 
Cretaceous to Eocene times (from Catalano & 
D'Argenio, 1978).

Panormide Carbonate P la tfo rm : 1, In te rna l
margin; 2, F o ram in ife r id ,  ru d is t id  and Num- 
m u li t ic  shallow water carbonate banks; 3, White 
to red Globotrunoana and G lo h o ro ta lia  c a lc i -  
lu t i t e s  (s c a g l ia )  w ith resedimented b io ca lcar-  
e n ites ;  4 , M aastrichtian  megabreccias.

Imerese Basin: 5, Radio larian  and g lo b ig er in id
red marls and c a lc i lu t i t e s  with resedimented 
b io c a lc are n ite s ; 6 , Pelagic marls and c a l c i lu t -  
i t e s .

Trapani Carbonate P latform: 7, Glohtrunoana
and G ldbo vo ta lia  white and red c a lc i lu t i t e s  with  
in te rc a la t io n s  o f nummulitid b io ca lcaren ites ;
8 , M aastrich tian  megabreccias in the in te rn a l  
margin.

Sicani Basin: 9, White to red Glohotrunoana
and G lo b o vo ta lia  c a l c i lu t i t e s ,  red marls and re 
sedimented nummulitid b io ca lcaren ites ; 10, Bas
a l t s ;  11, White and red c a l c i lu t i t e s ;  12, Maas
t r ic h t ia n  megabreccias.

Saccense Carbonate Platform: 13, Grey green and
white c a lc i lu t i t e s  (s c a g l ia ) .
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Mascle, 1973, 1979, Giunta & L ig u o r i ,  1973; Scandone e t a l , ,  1974; 
Ogniben, 1975).

2) Oceanic r i f t i n g  (Jurassic  to Middle Cretaceous). During the 

Jurassic  a Tethyan oceanic r i f t  developed to the north o f  the Panormide 

Carbonate P latform . A te n s i le  stress f i e ld  dominated the western S ic i ly  

continenta l margin and resulted  in normal fa u l t in g  o f the carbonate 

platform s. Consequently, the Imerese and Sicani basins tended to en

large  w hile  the adjacent Trapanese and Saccense platforms rap id ly  sank, 

w idely assuming a seamount physiography by Middle to Upper Jurassic times.

3) Oceanic sealing (Upper Cretaceous to Oligocene). In Upper 

Cretaceous to Oligocene times a compressive stress regime ensued and res

u lted  in deposition o f M aastrichtian  fau lt-g en era ted  megabreccias along 

the margins of the three carbonate platforms (F ig . 1 .4 ) .  The re la t iv e  

subsidence o f the Saccense, Sicanian and Trapanese domains tended to 

decrease, so th a t in the ea r ly  T e r t ia ry  there  was l i t t l e  topographic 

r e l i e f  and s im i la r  ca lcaren ites  and marls were deposited throughout. In 

c o n tra s t ,  in the Imerese and Panormide domains terrigenous sediments were 

deposited.

The Upper Oligocene limestones described below comprise part o f  

the terminal carbonate fac ies  developed on the Saccense Carbonate Platform, 

The Lower Miocene limestones described are s ituated  a t  the northern margin 

o f  the Saccense Carbonate P latform , extending from i t s  northern f lank  

northwards in to  the central Sicani Basin.

1 .5  Scope o f  Thesis

The rocks described here belong to two q u ite  separate carbonate 

l i th o lo g ie s  and s tra t ig ra p h ie  ages: Upper Oligocene a lg a l- fo ra m in ife ra l

limestones and Lower Miocene g lau co n it ic  sandy limestones. The ir  d is -  

t r ib u t io n  is  shown in Figure 1 .5 . The former u n it  was mapped by Mascle 

(1973, 1979) together w ith limestones o f  Middle Oligocene age (and mis

ta k e n ly  w ith  some Middle Miocene and Quaternary limestones) as ''ca lcar

e n ites  'a Num rm lites, a Lepidocyclines"; the l a t t e r  u n it  was mapped over 

a la r g e r  area as "ca lca ires  greso glauconieux" o f Lower Miocene (Aquit- 

anian -  Burdigalian age).
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The Upper Oligocene limestones are described in Chapter 2. The 

rocks re s t  w ith major unconformity on Cretaceous and Eocene carbonates; 

have a lo c a l ly  d is t in c t iv e  basal phosphorite conglomerate; and two very 

d is t in c t iv e  i f  v a r ia b ly  developed fac ies  (a lga l rh o d o li th ic  packstone- 

wackestone fac ies  and fo ram in ife ra l  grainstone-packstone fa c ie s ) .

The Lower Miocene limestones are described in d e ta i l  in Chapter 

3. S tra t ig ra p h ie  re la t io n s h ip  to the supposedly underlying Upper 

Oligocene arg il laceous  rocks is  ra re ly  observed, but two fac ies  are 

re a d i ly  d is tinguished: a g lau co n it ic  limestone fac ies  and a sandy lim e

stone fa c ie s .

C o ra l l in e  algae are an important component o f  the Upper Oligocene 

limestones. Chapter 4 describes eight species from six  genera, known 

elsewhere from the Mediterranean T e r t ia ry  but a l l  new to S ic i ly .  Trace 

fo s s i ls  (burrows and borings) are also id e n t i f ie d  fo r  the f i r s t  time 

from the S ic i l i a n  T e r t ia ry .

Chapter 5 in te rp re ts  the diagenetic  h is to ry  o f the carbonates, 

shows cementation and compaction to be prominent fe a tu re s ,  and demon

s tra te s  th a t  whereas the Upper Oligocene limestones are characterised by 

fo u r  periods o f  cementation only two can be recognised in the Lower 

Miocene limestones.

Geochemical analyses are presented in Chapter 6 to confirm iden

t i f i c a t i o n  o f  the greenish mineral widespread in the Lower Miocene 

limestones as g lau co n ite , authigenic in the g lau co n it ic  limestone fa c ie s ,  

and hence supporting inferences on the o r ig in a l  environment o f depos

i t io n  o f the rock. Geochemical analyses o f  phosphorites in Chapter 7 

both complement the glauconite  analyses, and extend comparison of south

west S ic i l y  in to  the Iblean Plateau o f southeast S ic i ly  and into the well 

documented Maltese is lands.

Chapter 8 concludes with a descrip tion  o f  the depositional and d ia 

g en etic  h is to r ie s  o f  both the Upper Oligocene and Lower Miocene limestones, 

describes t h e i r  palaeogeography, placing them in a central Mediterranean
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s e t t in g  and traces the d is t r ib u t io n  o f  s im i la r  rh o d o l i th ic ,  fo ram in i

fe r a l  and g la u c o n it ic  fac ies  in the Tethyan realm.
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C H A P T E R  2

UPPER OLIGOCENE LIMESTONES

2 .1  In troduction

2 .1 .1  General

The limestones described in th is  chapter a l l  l i e  w ith in  the area 

bounded by the towns of M en fi,  Sciacca, Ribera, Burgio and Sambuca 

(F ig . 1 .5 ) .  They form d iscre te  areas of outcrop from 0.04 km̂  to 5 .0  km̂  

in  s ize  (Mascle, 1973, 1979, map e n c l . ) ,  separated from one another as 

the re s u l ta n t  e f fe c t  of la te  Miocene and Pliocene tectonism (Broquet 

e t  a l . ,  1966; Broquet, 1972; Catalano & D'Argenio, 1978) and subsequent 

erosion. They form a veneer which p a r t ly  encirc les  the large Mesozoic 

outcrops forming (from west to east) the upland areas of Magaggiari, 

Arancio, Tardara and Pizzo Telegrafo (Fig. 1 .5 ) .  A l l  of these form part  

of the two most southerly  th rust sheets of the Western S ic i ly  Bridge 

th ru s t  p i le  (Section 1 .3 ) :  the Mt San Calogero th ru s t sheet (Magaggiari)

and the Pizzo Telegrafo th ru s t sheet (Arancio, Tardara and Pizzo Te legrafo)

In the south and east of the study area the limestones form a series  

of outcrops s tre tch ing  from Nadorello (UB 335800) to the east of 

C a l ta b e l lo t ta  terminating a t  UB 448606. The s tra ta  are fo lded in to  t ig h t  

to  open uprig h t fo lds  and commonly show steeply inc lined to v e r t ic a l  dips  

(P la tes  2 .1 ,  2 .2 ) .  (Mascle, 1973, records minor thrusting  to the south

west of C a lta b e l lo t ta  causing re p e t i t io n  of the Upper Oligocene succession). 

These outcrops are e a s i ly  accessib le , a l l  ly ing  within one kilometre of  

the Sciacca -  C a l ta b e l lo t ta  -  San Carlo (Burgio) road. In the west the 

limestones form la rg e , more scattered outcrops, with gentle  southerly and 

w esterly  dips (1 0 -2 0 ° ) ,  notably: the southern e x i t  o f  the r iv e r  Carboj

from Contrada Tardara (UB 276647); e n c irc l in g  the depression La Conca and 

to the west o f  Contrada Arancio (UB 250666 to UB 260671 and UB 242667 to 

UB 239689); in small low ly in g  outcrops in Contradas Finocchio and Genovese 

(UB 234685 to UB 195689). In the north beds have gentle  northerly  dips 

(1 0 -3 0 ° )  and outcrop is p le n t i f u l ,  forming: large crags on the flanks of
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the r i v e r  to the south of the Carboj dam (UB 290662 and UB 296661); a 

fragmented veneer on contradas Ulma, Pasqualetto, Cesinata and Giovanni 

(UB 300658 to  UB 344667); and a number o f craggy outcrops with variab le  

dip  w ith in  the area o f San Biagio (UB 362677 to UB 392673).

2 .1 .2  Previous Work

Campisi (1968) and Blondeau e t a l .  (1972) provide the most recent 

works concentrating s o le ly  on these limestones. Both are p r im ar i ly  con

cerned with c o rre la t io n  and n e ith e r  cover the complete extent of outcrop. 

Other works making reference to these rocks have been o f a general nature 

incorporating  much la rg e r  areas and s tra t ig rap h y , and are usually  of 

s tru c tu ra l  in te re s t  (Caire & Mascle, 1964; Broquet e t a l . ,  1966; Mascle, 

1967a & b, 1973, 1974, 1979; Catalano & D'Argenio, 1978; Catalano et  a l . ,  

1978; Channel et  a l . ,  1980) o r ,  o lder works of note type, often on single  

outcrops and recording p re lim inary  observations on fauna and general rock 

type (C hecch ia -R ispo li , 1918; Rigo de R ig h i,  1954; Ruggieri,  1959, 1961). 

Mascle, (1973, 1979) produced a geological map (scale  1 : 100 000) o f  the 

Scicani Mountains which incorporated the area. Previously , the only maps 

a v a i la b le  o f the area were those produced in the la te  nineteenth century 

under the d ire c t io n  o f Baldacci (1886).

2 .1 .3  S tra t ig rap h ie  Nomenclature

The limestones form part  of the Ragusa Formation since th is  was 

defined by Rigo & B arb ieri (1959) to designate S ic i l ia n  s h e lf  limestones 

o f Middle Eocene to Middle Miocene age. The type lo c a l i t y  o f the 

Formation is a t  Ragusa in southeast S i c i l y ,  but i t s  la t e r a l  extent into  

southwest S ic i ly  was recognised by Rigo & B arb ieri and subsequently by 

Blondeau e t a l .  (1972) and Mascle (1973, 1979).

The limestones c o rre la te  most c lo se ly  in l i th o lo g y  with the Irminio  

Member of the Ragusa Formation as described by Rigo & Barb ieri (1959).

They a lso  have a s im ila r  fauna including M iogypsina  and M iogypsino ides. 

However, they have an Upper Oligocene (C hatt ian ) age whereas the Irminio  

Member is  co rre la te d  with the Lower Miocene by Rigo & Barbieri (1959).
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2 . 1 . 4  C o rre la t io n

There is disagreement on the age o f  the limestones. Campisi 

(1968) dates them as Lower Miocene (Aquitanian) in age w h ils t  Blondeau 

e t a l .  (1972) and Mascle (1973, 1979) date some o f  the outcrops as 

uppermost Oligocene ("Oligocene te rm in a l" )  and others as lowermost 

Miocene ("Aquitanian in f é r ie u r " ) .

Campisi (1968) studied only two s tra t ig ra p h ie  sections w ith in  

the area (one adjacent to Carboj Dam and the other a t  San Biagio: the

Carboj Dam and San Biagio east lo c a l i t i e s  o f th is  work, see Figures 

2 .3 ,  2 .7 ) .  From these he recorded faunas including the benthonic foram- 

i ni fe ra  A u s tv o tv i l l in a  howohtni^ Eulep id ina^ N ephro lep id ina  morgani,

N. sum atrensis  and S piroo lypeus h lankenhom i o m a ta . Campisi concluded 

th a t  th is  association is Lower Miocene (Aquitanian) in age. In p a r t i 

cu lar  he states th a t  N. movgccni and E. sum atrensis  are exc lus ive ly  

Miocene forms w h i ls t  A. howehini and E u lep id ina  are Oligocene forms 

which become e x t in c t  in Lower Miocene times.

According to Blondeau e t a l .  (1972) and Mascle (1973, 1979) th e ir  

limestones o f uppermost Oligocene age have a large benthonic foram in i

fe r a l  assemblage of Am phistegina  c f .  le s s o n ii^  H e terosteg ina  sp. and 

M iogypsino ides  sp. w h i ls t  those o f lowermost Miocene, Aquitanian, age 

contain E u lep id ina  sp .,  B ephro lep id ina  s p .,  Spiroo lypeus  s p .,  Hetero

s te g in a  s p . ,  Amphistegina  c f .  le s s o n ii^  F a ra ro ta lia  s p .,  O perculina  sp.,  

R u p e rtia  sp .,  Miogypsina  sp. and Miogypsina g u n te r i.

Dr C.G. Adams (B r i t is h  Museum, Natural H is tory ) has examined 

t h i r t y  th in  sections from most lo c a l i t i e s  throughout the area and has 

concluded th a t  these limestones are a l l  Upper Oligocene (Chattian) in  

age (pers. comm., 1980). P os it ive  evidence fo r  a Chattian age is the 

presence o f M iogypsinoides oomplanatus which is  present, i f  not abundant, 

in  30 -  40 th in  sections. Where M. oomplanatus is  not present, positive  

i d e n t i f i c a t io n  o f Chattian age is  not possib le . However, the general 

assemblage o f  L. (E u lep id ina ) d i la ta ta ,  L. (N ephvolep id ina), Spiroolypeus, 

Am phistegina, F a ra ro ta lia ,  R o ta lia , Cycloolypeus and H eterosteg ina  (de t

ermined by Dr Adams) occurs throughout the area (augmented by Miogypsina
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in the outcrops around C a l ta b e l lo t ta ,  see Figure 2 .8 )  and th e re fo re ,  

the conta in ing limestones are l i k e ly  to be o f the same Upper Oligocene, 
C h a tt ia n , age.

Campisi's (1968) conclusion th a t  a t  le a s t  some of these lim e

stones are Lower Miocene (Aquitanian) in age may be erroneous since his 

age in d ic a t iv e  fauna includes N. morgani and N. sw m tre n s is  both of 

which have been recorded from the Upper Oligocene o f  I t a l y  (P ie ro n i,

1965) and the western P a c if ic  (Premoli S ilva  & Brusa, 1981) respec tive ly .

A s ig n i f ic a n t  fea tu re  o f the Blondeau e t a l .  (1972) and Mascle 

(1973, 1979) id e n t i f ic a t io n s  is th a t M iogypsinoides  is  re s t r ic te d  to  

the Upper Oligocene in occurrence w h ils t  M iogypsina  is  found in th e i r  

Lower Miocene, Aquitanian assoc iation . M iogypsina, however, is  known to  

range from the Chattian in to  the Lower Miocene (Berggren, 1971), although 

i t  does not become abundant u n t i l  Lower Miocene times. I ts  absence or 

re s t r ic te d  occurrence here in a fac ies  w ith in  which i t  might be expected 

to occur, along with the presence of M iogypsinoides oomplanatus, suggests 

th a t  the limestones are Upper Oligocene, C h attian , in age.

2 .2  Base of the Succession

2 .2 .1  The Basal Unconformity

Where seen, the base of the succession is  formed by an unconformity. 

This is c le a r ly  exposed a t  only three lo c a l i t i e s  w ith in  the area:

Nadorello  east; Carboj ra v in e ,  San Biagio (see F ig . 1 .5 ) .  Additional 

small exposures occur a t  Mont Gargalupo and east o f C a l ta b e l lo t ta .  Else

where the pos it ion  o f the unconformity can be in fe rre d  with some precision,  

but the plane is  obscured by so il  and vegetation.

At Nadorello east (Figs 2 .1 ,  2 .2 ,  P lates 2 .3 ,  2 .4 ,  2 .5 )  the uncon

fo rm ity  is  exposed in section a t  four places. The beds above the uncon

fo rm ity  are p a ra l le l  to ,  or a t  a s l ig h t  angular discordance w ith , the 

beds below. The surface o f the unconformity is p lanar, has no marked 

r e l i e f  and has been burrowed with Tha lass ino ides paradoxioa. Strata  im- 

mediately  below the unconformity are massively bedded chalks which have



18

y ie lded  a r ic h  planktonic fo ra m in ife ra l  fauna including Gtobotrunoana 

la p o re n t i,  G. s ig a t i ,  G. ooronata, G. praeooncavata  and G. oonvexa 

(Mascle 1 973, 1979) in d ic a t iv e  of an Upper Cretaceous date.

At the southern e x i t  of the r iv e r  Carboj from Contrada Tardara 

(P la te  2 .6 )  the unconformity is again exposed in an outcrop almost con

cealed by vegetation midway up the northwest side of the ravine a t  the 

northern l i m i t  of T e r t ia ry  outcrop. The surface o f the unconformity is  

uneven, re s u lt in g  from an erosion-formed r e l i e f  o f 15-20 cm and sub

sequent minor normal fa u l t in g  with downthrow of up to 0 . 3  m to  the 

northeast. The underlying s tra ta  are again massive chalks, but they 

contain a G lob ige rin a  and G lo h o ro ta lia  fauna in d ic a t iv e  of an Eocene age 

(Campisi, 1 968; Mascle, 1 973, 1979).

At San Biagio (Fig. 2 .6 ; Plates 2 .7 ,  2 .8 )  the unconformity is ex

posed in section over a d istance of 60-80 m down d ip . The surface is  

rugged (P la te  2 .8 ) ,  forming a local topography of 0 .2 -0 .4  m which is  

p a r t ly  the e f fe c t  o f  erosion and p a r t ly  due to tec tonic  movements which 

have brecciated the underlying s tra ta :  massive chalks of Upper Cretaceous

age (Mascle, 1973, 1979) y ie ld in g  the same fauna as a t  Nadorello east.

Further small exposures of the unconformity occur to the southeast 

of Mt Gargalupo (F ig . 1 .5 )  and adjacent to the C a l ta b e l lo t ta  -  San Carlo  

road a t  UB 436602. At both lo c a l i t i e s  the surface is  even, with no ap

parent angular discordance between the limestones above and below the 

unconformi ty .

The sediments resting  on the unconformity a t  a l l  the lo c a l i t ie s  

have the same faunal assemblage (Section 2 .1 .4 )  and there fo re  the same 

Upper Oligocene age. The underlying s tra ta  vary from Upper Cretaceous 

to Eocene in age (Campisi, 1968; Mascle, 1 973, 1979). The unconformity 

can th e re fo re  be dated as post Eocene, pre Upper Oligocene in age. Evid

ence from c la s ts  in the basal conglomerate ly in g  immediately above the 

unconformity confirms th a t  rocks o f Upper Cretaceous to Eocene age were 

being eroded.
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The presence of Tha lassino ides paradoxioa  burrows (P la te  4 .41 )  

a t Nadorello east (Section 4 .2 .2 )  is an added complication. Although 

these burrows are in Upper Cretaceous chalk , they are in fe rred  to be 

C hattian  ra th e r  than Upper Cretaceous in o r ig in .  This Chattian age of 

burrow formation is suggested f o r  f iv e  reasons: the burrows are i n 

f i l l e d  with Chattian limestone; burrows are absent from the underlying  

Upper Cretaceous sequence; the burrows show no signs of secondary 

co lo n is a tio n  by borers, or o f  m inera lisa tion  which might suggest an 

extended period o f  exposure on the sea f lo o r ;  there is no evidence of 

any burrow i n f i l l  o lder than Chattian age to suggest th a t  the burrows 

were re-excavated and i n f i l l e d  with Chattian m a te r ia l ;  and the morpho

logy o f the burrow system suggests formation during hardground l i t h i -  

f i c a t io n .  Presumably, the chalk had remained s o ft  from Upper Cretaceous 

to Chattian  times, but began to l i t h i f y  when exposed by erosion during 

the Chattian marine transgression. Exposure of the s o ft  sediment a l 

lowed co lon isa tion  by burrowing organisms fo r  a short period o f time 

before 1 i t h i f i c a t io n  occurred.

2 .2 .2  The Basal Conglomerate

A basal conglomerate is c le a r ly  exposed a t a l l  lo c a l i t ie s  which 

reveal the basal unconformity: Nadorello east,  Carboj ravine and San

Biagio (F ig . 1 .5 ) .  I t  i s ,  however, be tte r developed a t Nadorello east 

and San B iag io , where i t  occurs a t  the base o f an a lgal rh o d o li th ic  

wackestone-packstone fa c ie s ,  than a t  Carboj ravine where i t  occurs below 

the fo ra m in ife ra l  grainstone-packstone fa c ie s .  Additional exposures 

occur a t  Mt Gargalupo and Rocca Porcaria where the conglomerate is rep

resented by only a few c las ts  res t in g  on the unconformable surface.

The most extensive outcrop occurs a t  Nadorello east (Figs 2 .1 ,

2 .2 ,  P lates 2 .5 ,  4 .4 1 ) .  The conglomerate rests d i r e c t ly  upon the plane 

of unconformity, and is  composed o f cobbles and pebbles forming a maxi

mum thickness o f 0 .2  m a t  the base o f a 3 .5 -6  m th ic k  u n it  o f massive 

a lg a l fo ra m in ife ra l  limestone. M atr ix  between the c lasts  is  iden tica l  

to  and continuous with the overly ing limestones (described f u l l y  in  

Section 2 .4 ) .  The conglomerate i t s e l f  is not a bed with sharp top and
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l a t e r a l  c o n t in u ity ,  but ra th e r i t  forms patches of c las ts  some 1 -1 0  m 

in  ex ten t ly in g  upon the unconformity.

Five types of c la s t ,  w ith in  the conglomerate, can be recognised.

1) B ioc las ts . Forming some 20% of c la s ts ,  these comprise ab

raded tes ts  o f  Lep idooyo lina  (E u lep id ina )', abraded a lgal rhodo liths;  

and s l ig h t ly  abraded, disassociated valves of the large pectin id  b i 

valve Chlamys (valves 60-90 mm in len g th ) .  Tests o f a large (120 mm 

diameter) echinoid (C lypeastev) are also common, genera lly  whole and un

abraded.

These c las ts  show but l i t t l e  evidence o f tran sp o rt .  Furthermore, 

unabraded examples of the same species occur in both the matrix between 

c la s ts  and w ith in  the overly ing limestones. The b ioc lasts  are there 

fo re  semi-autochthonous, contemporaneous with and from the same environ

ment of o r ig in  as the enclosing sediment.

2) Unbored chalks. Angular to sub-angular, non-bored chalk 

c la s ts ,  g en era lly  50-70 mm diameter but reaching 200-300 mm. Some clasts  

contain Globotruncanid p lanktonic fo ram in ife ra  o f probable Upper 

Cretaceous age. Others contain G lob igerin id  p lanktonic fo ram in ifera  o f  

probable Eocene age. Clasts o f Cretaceous age predominate and are ab

undant a t  Nadorello east and San Biagio west where the underlying lim e

stones are also o f Upper Cretaceous age. Eocene c las ts  are uncommon.

Shape, age and occasional large s ize  o f the c las ts  are therefore  

consis ten t w ith t h e i r  local d er iva tio n  during the Upper Oligocene trans

gression.

3 ) Bored chalks. Rounded to sub-rounded oblate shaped bored 

chalk c las ts  (80-150 mm diameter) may have borings on both sides, one 

s id e , or predominantly one side o f the c la s t .  C last roundness and the 

presence o f borings in d ica te  prolonged transport and r e la t iv e ly  pro

longed exposure on the sea f lo o r  p r io r  to b u r ia l .  These clasts  separ

a te ly  contain both Globotruncanid and G lobigerin id  planktonic foramin

i f e r a ;  but no re la t io n s h ip  between the age o f the c las ts  and the age of
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the underlying s tra ta  was observed.

Despite obvious evidence fo r  greater  transport than the unbored 

chalks , these c las ts  are o f  the same ages and fa c ie s ,  and ind ica te  

only erosion of the same (presumably lo c a l )  Cretaceous and Eocene rocks.

4) Large phosphates. Rounded to  sub-rounded, oblate to  sub- 

s p h e r ic a l,  phosphatised bored chalk c las ts  (80-150 mm diam eter), have 

been bored on a l l  surfaces, subsequently abraded ( re s u lt in g  in a shal

lowing o f bores) and phosphatised. They are e a s i ly  recognised by th e i r  

brown polished appearance. Their phosphatic nature has been established  

from th in  section petrography and by X-ray d i f f r a c t io n  and ICP analysis  

(Chapter 7 ) .  T h e ir  contained planktonic fo ram in ife ra  {G lob ige rina  and 

G lo b o ro ta lia )  suggest an Eocene age (Adams, pers. comm., 1982). No 

Upper Cretaceous, Palaeocene or Oligocene phosphatised c lasts  have been 

found.

These c las ts  there fo re  provide evidence fo r  a s ig n if ic a n t  period  

o f phosphatisation in or adjacent to th is  southwest S ic i ly  area but o f  

pre Upper Oligocene to Eocene age. Oligocene phosphorites are unknown 

in  S i c i l y  (Catalano, pers. comm., 1980) and indeed the Oligocene marks a 

phosphorite hiatus worldwide (Cook & McElhinny, 1979; Notholt , 1980b). 

The nearest Eocene phosphorites occur in centra l Tunisia (B r i t is h  

Sulphur Corp., 1973), and form part o f  the Cretaceous-Eocene phosphorite  

province w idely  represented in North A fr ic a .  Despite t h e i r  large s ize ,  

these c las ts  have seemingly been transported in to  the area from an Eocene 

phosphorite source outside i t .  Conditions generating phosphorites in 

North A f r ic a  during the Eocene may have extended closer to S ic i ly  than 

previously  supposed.

5) Small phosphates. Rounded to sub-angular phosphatised chalk 

c la s ts  (< 5-50 mm diameter) and whole and fragmentary f is h  tee th . These 

c la s ts  are not r e s t r ic te d  to the basal conglomerate, but can be found 

dispersed throughout the basal 1 .5  m o f the overly ing limestones.
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The basal conglomerate varies la t e r a l l y  with great r a p id i ty ,  

even a t  a s ing le  lo c a l i t y .  Thus, in the Nadorello east area (F ig . 2 .1 )  

a t  l o c a l i t y  A c lasts  change from almost exc lu s ive ly  unbored chalks 

(P la te  2 .5 )  to predominantly bored chalks with some large and small 

phosphates (P la te  4 .41 ) over a distance of 10 m. At lo c a l i t y  B the 

conglomerate is represented by a s ingle  large phosphate c la s t  with a 

few small phosphates dispersed sparsely throughout the overly ing lim e

stones. At C small phosphates predominate with some bored and unbored 

chalks: the f i r s t  is  found dispersed throughout the basal 1 . 5  m o f the 

Upper Oligocene, w h i ls t  the l a t t e r  two re s t  on the unconformable surface,

Elsewhere, a t  San Biagio west (F ig . 2 . 6 ) ,  bored chalks and large  

phosphates are common w h i ls t  unbored chalks are abundant (P la te  2 .9 )  

and p a r t ly  represented by some very large ( 0 .4 - 0 . 8  m) bedded boulders.

At Mt Gargalupo, Rocca Porcaria and Contrada Pasquelato the conglomerate 

is  represented by only a few large and small phosphate c la s ts ,  w h ils t  a t  

Carboj ravine  small phosphates predominate.

The basal conglomerate is there fore  polygenetic . I t  is  composed 

of: semi-autochthonous b io c la s ts ,  the same species as found in the

overly ing  Upper Oligocene limestones; bored and unbored chalk c lasts  of 

the same fac ies  and Cretaceous -  Eocene age as those located below the 

unconformity in the local area; and large and small phosphatised chalk 

c las ts  o f  Eocene age seemingly derived from outside the area o f study.

2 .3  S tra t ig rap h ie  Sections

Seven sections through the Upper Oligocene limestones were 

measured and logged, and are i l lu s t r a te d  below by annotated f igures  and 

p la te s .  The seven lo c a l i t i e s  were chosen fo r  a v a r ie ty  of reasons in 

c lu d ing : r e la t i v e l y  th ick  succession; extensive local exposure; fa v 

ourable weathering c h a ra c te r is t ic s ;  a c c e s s ib i l i ty ;  th e i r  widespread 

geographic d is t r ib u t io n  throughout the area; and, most im portantly , fo r  

th e i r  rep resen ta tive  q u a l i t ie s ,  in  th a t  they demonstrate v a r ia t io n s  and/ 

or consis tencies  w ith in  recognised fa c ies  and v a r ia t io n s  in  the basal 

unconformity and conglomerate.

The precise pos it ions  of the lo c a l i t i e s  are shown on the outcrop
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map. F igure 1 .5 .  The lo c a l i t i e s  are as follows:

1) Nadorello eas t.  S tra t ig rap h ie  section. Figure 2 .2 ;  lo c a l i t y  

photograph. Plates 2 .3  and 2 .4 .

The measured section is  s ituated 8 km northeast of Sciacca a t  

UB 351598. I t  takes the form of a fresh cut surface in  a small disused 

quarry on the northeast extrem ity  of a bedded outcrop.

2) Carboj Dam. S tra t ig rap h ie  section . Figure 2 .3 ;  lo c a l i t y  

photograph, P late  2 .10 .

The measured section is s ituated  5.5 km southwest of Sambuca,

0 .5  km south of Carboj dam on the west side of the r iv e r  a t  UB 290662.

I t  is  located a t  a sheltered weathered surface in a c l i f f  outcrop, as

ind ica ted  in the P late  2 .10 .

3) La Conca. S tra t ig rap h ie  section . Figure 2 .4 ;  lo c a l i t y  

photograph, P la te  2 .11 .

The section is s ituated  8 km west-southwest o f Sambuca and 6 km 

east northeast of Menfi on the west side of the depression named La 

Conca a t  UB 239 673. I t  was measured on the fresh surface of the east 

fac ing  side of a now disused quarry.

4) Contrada Giovanni. S tra tig raph ie  section . Figure 2 .5 ;  

l o c a l i t y  photograph, P late  2 .12 .

The measured section is  s ituated 2 km south of Sambuca a t  

UB 338668. I t  takes the form of a sheltered weathered surface on a 

la rge  outcrop immediately east of some farm buildings on the rough 

grass covered slopes of Contrada Giovanni.

5) San Biagio west. S tra t ig rap h ie  section . Figure 2 .6 ;  

l o c a l i t y  photograph, P la te  2 .7 .

The section is  s ituated  3 km southeast of Sambuca, 1 .3  km due 

west o f the San Biagio fo r t re s s  a t  UB 363676. I t  was measured on the 

east s ide of a large  bedded outcrop immediately north of a cave.
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M A C R O FA C IE S  
Massive, well indurated, greyish white 
rhodolithic algal foraminiferal limestone. 
Frequent Clypeaster in the lower 2.1m, 
frequent Echinolampas in the upper 2. 2m 
Chlamys present throughout. Rhodoliths, up 
to 80mm diameter and represented by compact 
breinching, compact laminar and open branch
ing growth forms (section 4.1.3), form 25% 
of the rock. The distinctive, large ben- 
thonic foraminiferid Lepidocyclina (Eule- 
pidina) dilatata is common throughout but 
abundant in the upper Im.

Lenses of conglomerate comprising: rounded, 
sub-rounded phosphatised (brown) and non- 
phospatised bored chalk cobbles; sub
rounded, sub-angular non bored chalk 
pebbles and cobbles; frequent Clypeaster 
and Chlamys with some fish teeth.

Planar unconformity surface, minor erosion, 
burrowed by Thalassinoides paradoxica.

T. Paradoxica burrow system infilled with 
grey-white algal foraminiferal limestone 
and cream-grey sandy glauconitic limestone. 
The latter is much subordinate and also 
infills Trypanites sp. borings in a fissure 
which cuts the section.

Poorly bedded chalk with occasional mar- 
casite nodules and rare belemnites.

MICRO FACIES  
Pore space is filled by up to four periods 
of cement (section 5.1.2) and by pelletai 
silts (section 5.1.5). The first period 
cement forms a dusty rim (10-30 microns 
wide) on Echinoid grains. The second period 
cement is clear, and readily recognised on 
echinoid grains where it forms wide (up to 
300 microns) syntaxial overgrowths. The 
third period cement is found only in the 
upper 2m of the bed, it is dusty, pore 
lining in position and sometimes shows a 
bladed or acicular habit. The fourth period 
cement forms a clear blocky mozaic which 
fills remaining pore space. Compaction, 
represented by pressure solution and frac
turing of grains, is found in packstones in 
the lower 2m where the pore lining third 
period cement was not precipitated. Neo
morphism is represented by the common 
alteration of mud matrix to micro-spar and 
sometimes pseudospar.

Francolite replaces carbonate mud in the 
phosphatised clasts forming coatings of 
opaque cryptocrystalline francolite and 
subisotropic orange-yellow francolite.

Packstones in the main burrow infill are 
fully cemented with the clear blocky fourth 
period cement. Neomorphism is represented 
by microspar and pseudospar replacing mud 
matrix and by the extension of cement 
overgrowths on echinoid grains (section 
5.1.4b).

DIAGENESIS  
Algal foraminiferal packstone-wackestones 
in the lower 1.5-2.5m pass imperceptably 
into packstones and grainstones above. 
Depositional matrix fills or partially 
fills pore space and is composed of
carbonate mud and poorly sorted small 
fragments of biogenic material. Umbrella 
structures and geopetally filled porespace 
are common in the packstones. Benthonic 
foraminifera are abundant and represented 
by the 8 genera listed in section 2.4.2b, 
but dominantly by L.(Eulepidina),
L.(Nephrolepidina), Amphistegina and Spiro- 
clypeus. The coralline red algal associa
tion contains 8 species (described in
Chapter 4) dominated by Lithothamnium cf.
marianae and Mesophyllum cf. vaughanii. 
Other bioclasts are represented by common 
echinoid debris and some chelistome and 
fenestrate bryozoans. Non carbonate mate
rial is represented by glauconitic infills 
to a few heavily abraded benthonic foramin-

The main infill is of an algal foramin
iferal packstone-wackestone with the same 
components as the overlying limestone. The 
sandy glauconitic limestone infill (dated 
as Lower Miocene in age, section 8.1.3) 
contains planktonic and benthonic foramin
ifera and fragments of gastropods along 
with well rounded unicrystalline quartz 
grains and glauconite pellets all held in a 
carbonate mud matrix.

Figure 2 .2  Nadorello East measured stratigraphie section.



MACV^OFACIES

28-41m. Semi-indurated beige colour 
very coarse grained bioclastic calcaren- 
ites weathering with a thick O-lOimi) 
light grey crust. Massive l-2m beds 
in the lower part passing up into beds 
0.3-0.4m thick towards the top. No 
macrofauna.

17.5-28m. Seni-indurated to well indurated 
beige colour medium and coarse grained 
bioclastic calcarenites form a sheltered 
surface weathering in to the cliff 
side. Well bedded in beds of 0.4-2.0m 
with some flaggy beds at 21-23m. Sorting 
is poor except in the two cross bedded 
units (0.4-0.6m thick). Crushed examples 
of Echinolampas are found sparsely
distributed throughout the succession.
Cidaroid spines are common throughout.

0-17.5m. Semi-indurated cream colour 
poorly sorted coarse grained calcarenites 
weathering with a thick light grey 
crust. Massive l-2m poorly defined
beds. No macrofauna.

MICROFACIES

A sequence of grainstones and packstones 
in subequal proportions. Depositional 
matrix, composed of mud with small 
fragments of benthonic foraminifera, 
echinoid and algae along with whole 
and fragmentry Globigeriniids, fills 
only 5-10% pore space in the packstones. 
Benthonic foraminifera are represented 
by roughly equal abundances of L. (Nep*irole- 
pidina), Amphistegina, Rotalia and 
Pararotalia with some Heterostegina/- 
Operculina, Victoriella and Textulariids. 
L. (Nephrolepidina) is abundant in some 
beds, Amphistegina and Rotalia are 
concentrated in the cross bedded units. 
Coralline red algae are present only 
as small fragments along with echinoid 
and bryozoan material. The rocks are 
wholly carbonate.

DIAGENESIS

Two periods of cement (periods 1 and 2 
section 5.1.2) are present throughout the 
succession but much pore space remains 
empty. The first period cement takes the 
form of a dusty rim on some echinoid grains 
only. The second period is represented by 
clear syntaxial overgrowths on echinoid 
grains; pore lining scalenohedra and equant 
spar; and fill to some foraminiferal and 
bryozoan chambers. Compaction is a signifi
cant event resulting in the reduction of 
pore space, corimon pressure solution bet
ween grains and fracturing of grains. 
Coralline red algae readily go into solu
tion and fracture while Heterostegina/- 
Operculina commonly fracture. Neomorphism 
is represented by the common alteration of 
mud matrix to micro-spar.

Figure 2 .3  C arbo j Dam m easured  stratigraphie section.



MACROFACIES

Flaggy bedded (0.1-0.15m) medium to coarse 
grained indurated bioclastic calcarenites. 
Cream beige colour, weathering to light 
grey. Moderate sorting with some well 
sorted horizons. A single crushed Echino
lampas present on the bedding plane at 16m. 
Large (lOnm) fragments of echinoids common 
throughout the succession.

MICROFACIES

A sequence formed predominantly of foramin
iferal grainstones with some packstones. 
The packstones are washed and contain only 
a small amount of depositional matrix in 
their pore space. Benthonic foraminifera 
are only lightly abraded while echinoid and 
algal clasts are subrounded to rounded. 
Other bioclasts are represented by frag
ments of fenestrate bryozoans. Benthonic 
foraminifera are abundant. Some beds con
tain only L.(Nephrolepidina), others con
tain L.(Nephrolepidina) in association with 
common Amphistegina Heteroste-
gina/Operculina, Rotalia and Pararotalia 
and some Textulariids and small fragments 
of L. (Eulepidina). A few examples of an 
encrusting foraminiferid, probably Victor
iella, are also present.

D IAGENESIS

TWO periods of cementation (periods 1 and 
2, section 5.1.2) are present. The first 
period takes the form of a thin dusty rim 
found on some echinoid grains only. The 
second is represented by; partial and 
complete interclast pore coatings formed of 
scalenohedra and rhombohedra; partial and 
complete fill of foraminiferal and bryozoan 
chambers by equigranular spar (10 microns 
crystal size); and wide syntaxial over
growths on echinoid grains. Much pore space 
is left empty. Echinoid cement overgrowths 
preserve the original grain distribution 
adjacent to them, therefore timing cemen
tation as early pre-compaction. Compaction 
has resulted in the cormon pressure welding 
of some foraminifera and by the fracture of 
some. Neomorphism has resulted in the 
common alteration of mud matrix to micro- 
spcur and sometimes pseudospar.

F ig u re  2.4 La Conca m easured  stratigraphie section.
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M ACRO FACIES

19.5-26.5m. Well bedded (0.5-l.Om) cream 
beige medium to coarse grained sani- 
indurated calcarenites weathering with a 
thick (3-10 mm) light grey coat. Sorting 
poor in the lower part beconing moderate 
towards the top. No macrofauna.

11-19.5m. Massive poorly bedded beige 
coarse gained poorly sorted bioclastic 
calcarenites forming a sheltered surface 
weathering into the outcrop. Compact non 
branching rhodoliths cure present in 50-200 
mm horizons but not dispersed throughout 
the rock. Lepidocyclina (Eulepidina) is 
present throughout the unit and commonly 
forms nuclei to rhodoliths. No macrofauna.

8.5-llm. A single massive bed of rhodoli
thic algal foraminiferal limestone. Cream 
beige in colour weathering with a thick 
(3-8 nm) light grey crust. Rhodoliths (up 
to 60mm dia) are compact and non branching. 
Lepidocyclina (Eulepidina) commonly forms 
the nuclei to rhodoliths. No macrofauna.

0-8.5m. Four massive well defined beds of 
rhodolithic algal foraminiferal limestones 
alternating with coarse poorly sorted 
bioclastic calcarenites. Rhodoliths (up to 
60 mm size) eure compact branching and 
compact non branching types. Lepidocyclina- 
(Eulepidina) common throughout. Common 
large abraded valves of Chlamys between 2.5 
and 4.5m.

MICROFACIES

0-26.5m. A sequence of packstones with 
variable amounts of depositional matrix in 
the pore space. Up to 60% of pore space is 
filled in the three algal rhodolith beds in 
the lower half of the succession whereas in 
the upper calcarenites only 5% of porespace 
is commonly filled. Matrix is composed of 
mud, small fragments of benthonic foramini
fera, algae and echinoid plus Globigeriniid 
fragments. Umbrella structures and geo- 
petally filled pore space are common in the 
rhodolith beds. Throughout the lower 19.5m 
benthonic foraminifera are dominated ty 
L.(Eulepidina) and L.(Nephrolepidina) with 
variable but common occurrence of 
Amphistegina, Heterostegina, Cperculii^, 
Rotalia, Pararotalia and some Textuleuriids. 
Above 19.5m L. (Eulepidina) is no longer 
present and the other foraminifera are 
present in similar proportions. Coralline 
red algal rhodoliths are largely formed by 
Lithothamnium cf. marianae and Mesophyllum 
cf. vaughanii with some Archaeoli- 
thothamnium saipanense, Lithoporella melo- 
besioides and Melobesia cf. cuboides. Other 
bioclasts are represented by fragments of 
echinoid, bryozoan and bivalve.

D IAGENESIS

TVo periods of cement (periods 1 and 
2, section 5.1.2) are present but much
pore space remains empty. The first 
peribd cement is found only in the 
calcarenites above 19.5m and is represen
ted by thin dusty overgrowths on some
echinoid grains. The second period 
is clear and represented by sytaxial
overgrowths on echinoid grains; by
scalenohedra and equigranular crystals 
forming rims and partial rims on inter
particle pore space; and by fills to 
foraminiferal and bryozoan chambers. 
Compaction has resulted in common pressure 
solution between grains and fracture 
of grains, particularly coralline red
algae. neomorp>hism has resulted in
the alteration of mud matrix commonly
to microspar and sometimes piseudospar.

Figure 2.5 Contrada Giovanni m easured stratigraphie section.



M A C R O F A C IE S

Massive well indurated rhcxîolithic algal 
foraminiferal limestone. Cream beige fresh 
colour weathering with a thick light grey 
crust. No bedding form in the lower 5m 
where rhodoliths (up to 70 itm dia) are 
abundant (forming 50% of the rock). The 
ipper Im contains few algal rhodoliths and 
is well bedded in 0.2-0.3m beds. Lepido
cyclina (Eulepidina) and abraded valves of 
Chlamys are common throughout.

Phosphatic conglomerate composed mainly of 
pebbles and cobbles of chalk (some of which 
are bored) along with common pebbles and 
cobbles of phosphatised chalk which are 
brown in colour and often bored.

Rugged unconformity surface with a relief

Poorly bedded chalk, shattered and brec-

M IC R O F A C IE S

Poorly sorted algal foraminiferal pack
stones with some wackestones in the lower 
5m are overlain by better sorted foramini
feral packstones in the upper Im. In the 
lower packstones pore space is wholly or 
mostly filled with depositional matrix 
composed of carbonate mud with small 
fragments of foraminifera and red algae. 
The upper packstones are better washed and 
contain only small amounts of depositional 
matrix in their pores. Umbrella structures 
and geopetally filled pore space are common 
in the packstones throughout. The benthonic 
foraminiferal association (section 2.4.2b) 
is dominated by common L. (Eulepidina), 
L.(Nephrolepidina), Amphistegina and lacks 
any Cycloclypeus or Miogypsinoides. Coral
line red algal rhodoliths are compact 
branching represented by Lithothamnium and 
Mesophyllum. Other bioclasts eure rep
resented by common echinoid debris with 
some fragments of Chlamys.

D IA G E N E S IS

In the packstones of the upper Im pore 
space is filled by two cements (periods 2 
and 4, section 5.1.2) separated by a period 
of silt and mud deposition (section 5.1.5). 
The period 2 cement is clear and forms a 
thick (80 microns) rim on the pore space, 
vrtiilst the period 4 cement forms a clear 
blocky pore fill. In the lower 5m similar 
clear blocky mozaics fill pore space which 
is lined by small equant crystals of the 
second period generation. Compaction is 
represented by the common fracture of 
grains and pressure solution between grains 
in the lower packstones; and by ductile 
deformation of L. (Eulepidina) in the upper 
Im (Plate 5.18). Neomorphism is represented 
by the common alteration of mud matrix to 
microspar and sometimes pseudospar.

Francolite replaces carbonate mud in the 
phosphatised clasts forming coatings of 
opaque cryptocrystalline francolite and 
subisotropic orange-yellow francolite.

Figure 2.6 San Biagio W est m easured stra tig raph ie  section.



2 m -

MACROFACIES

35-51m. Well bedded (0.7-1.5m) coarse 
grained poorly sorted semi indurated 
bioclastic calcarenites. Small (20-40 mm 
dia.) compact non branching rhodoliths 
are common in three beds. Common Lepido- 
cyclina(Eulepidina) are found
lower 9m of the unit.

28-35m. Well bedded (0.4-l.lm) coarse 
grained poorly sorted semi indurated 
bioclastic calcarenites with common 
Lepidocyclina(Eulepidina) throughout.

0-28m. Flaggy bedded meidum and coarse 
grained bioclastic calcarenites, green 
beige in colour weathering to a light 
grey. Glauconite pellets are present 
throughout, but common in the lower 
10m where the limestones are also poorly 
indurated. Common Lepidocyclina(Eulepi
dina) in the upper 8m, abundant in 
some beds. Cidaroid spines infrequent, 
but present throughout.

Phosphatic conglomerate represented
by a few rounded bored phosphatised 
(brown colour) and non phosphatised
chalk pebbles floating in a calcarenite

Planar unconformity surface.

Poorly bedded chalks, no macrofauna.

MICROFACIES

A sequence predominantly of grainstones 
with some packstones in the lower 28m 
becoming predominantly packstones with some 
grainstones above. Depositional matrix 
fills up to 15% of pore space in the 
packstones, it is composed of mud with 
fragments of benthonic foraminifera, algae 
and echinoid and some whole and fragmentry 
Globigeriniids. Benthonic foraminifera are 
abundant and represented by L. (Eulepidina), 
L.(Nephrolepidina), Amphistegina Rotalia, 
Pararotalia, Heterostegina and Operculina 
with very occasional Sphaeroqypsina, 
Victoriella and Textulariids. L.(Eulepi
dina) is found and L.(Nephrolepidina) 
becomes very common above 20m, between 24 
to 40m they are abundant. Coralline red 
algae represented by Lithothamnium cf. 
marianae, Mesophyllum cf. vaughanii and 
Archaeolithothamnium saipanense form the 
rhodoliths in the upper peurt of the 
succession. Other bioclasts are represented 
by common echinoid debris and bryozoans. 
Non carbonate material is represented by 
occasional glauconite pellets in the lower

DIAGENESIS

One period of cement (period 2, section 
5.1.2) is present, its development is 
minimal and much pore space remains empty. 
The cement is represented by clear syn
taxial overgrowths on echinoid grains; by 
pore lining scalenohedra and equant spar; 
and by rims and fills to foraminiferal and 
bryozoan chambers. Compaction is signi
ficant and has resulted in a reduction of 
pore space. Pressure solution contacts 
between grains and fracture of grains 
(particularly algae) are common. Neo
morphism has resulted in the common 
formation of microspar and occasionally 
pseudospar from mud matrix. Dolomitisation 
has occurred in the lower 22m and resulted 
in equant anhedral and subhedral crystals 
and euhedral rhombs, 50-100 microns size, 
replacing mud matrix and some Textulariids 
and algae.

Figure 2 .7  S a n  B iagio E ast m e as ured  stratigraphie se c tio n .



42m -

4 0 m -
MACROFACIES

The upper surface of the succession 
contains fragments of fish teeth and 
pebbles of phosphatised siltstone.

33-42m. Massive cream grey coarse grained 
well indurated bioclastic calcarenites
forming two poorly defined beds. Algal
rhodoliths (20-70 mm dia) are present
in horizons in the lower bed becoming 
conmon in the ufper bed where Lepidocvc- 
lina(Eulepidina) is found. Fragments 
and abraded valves of Chlamys are present 
(but not common) throughout the unit.

24-33m. Massive cream grey coarse grained 
poorly sorted indurated bioclastic
calcarenites present in three poorly
defined beds. No macrofauna.

0-24m. A succession composed mainly 
of well bedded well indurated, moderately 
to poorly sorted medium grained grey beige 
calcarenites but with poorly indurated 
marls at Im, 10m and 21-24m. Crushed 
spatangoid echinoids were found in 
the upper marly interval. Lepidocyclina 
(Eulepidina) is common in one bed near 
the base of the exposed succession.

MICROFACIES

Packstones and wackestones in the lower 24m 
pass up into packstones and grainstones 
above. Depositional matrix composed of lime 
mud with fragments of foraminifera, algae 
and echinoids depletes upwards filling 
30-70% of pore space in the lower 24m and 
only 5 to 20% in the upper 18m. Benthonic 
foraminifera show L.(Nephrolepidina) 
locally abundant in an assemblage of 
Amphistegina, L.(Eulepidina), Heterostegina, 
Operculina, Rotalia, Pararotalia, Spiro- 
clypeus and Sphaerogypsina. Miogypsinoides 
is present only in the lower 24m while 
Miogypsina present only in very small 
numbers in the lower 24m becomes common in 
the upper 18m. Coralline red algae forming 
the rhodoliths are represented by Litho
thamnium cf. marianae, Mesophyllum cf. 
Vaughanii and Archaeolithothamnium
saipanense. Other bioclasts are represented 
by common echinoid debris, bryozoan and 
bivalve fragments. Non carbonate material 
is represented by occasional glauconite 
pellets in the upper 18m.

DIAG ENESIS

TWO periods of cement (periods 1 and 2, 
section 5.1.2) are present. The first 
period cement is present as thin dusty 
overgrowths on some echinoid grains only. 
The second period cement is represented by 
clear syntaxial overgrowths on echinoid 
grains; pore lining scalenohedra and equant 
spar; and lining and fill of foraminiferal 
and bryozoan diambers by equigranular spar. 
Pore lining scalendiedra are best developed 
on Amphistegina and Heterostegina/Opercul- 
ina substrates and are commonly absent on 
algal and mud substrates. Compaction has 
resulted in the reduction of pore space, 
pressure solution between grains and frac
ture of some grains. Neomorphism is repre
sented by the alteration of mud matrix to 
microspar and sometimes pseudospar; and by 
the formation of syntaxial overgrowths on 
echinoid, bivalve and foraminiferal frag
ments in the wackestones in the lower pait 
of the section.

Figure 2 .8  Tombe Sicani measured stratigraphie section.
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6 )  San Biago e a s t .  S t r a t i g r a p h i e  s e c t io n .  Figure  2 .7 ;  

l o c a l i t y  photograph, P la te  2 .1 3 .

This s ec t ion  is  located 4 .5  km east  southeast of  Sambuca 0 .3  km 

due south of San Biago f o r t r e s s  a t  UB 376673.  I t  was measured on the  

steep west fa c in g  s ide  of  the la rge  outcrop th e re ,d o g - le g g e d  as shown 

in P la te  2 .1 3 .

7) Tombe S ic a n i .  S t r a t i g r a p h i e  s e c t io n .  F igure  2 .8 ;  l o c a l i t y  

photograph, P la te  2 .1 4 .

The section  is  located on the north side o f  the Sciacca-  

C a l t a b e l l o t t a  road immediate ly west o f  C a l t a b e l l o t t a  a t  UB 421601.  The 

top of  the succession is  marked by the "Tombe S ican i"  a rchaeologica l  

s i t e .

The l i t h o l o g i e s  of these measured, i l l u s t r a t e d  l o c a l i t i e s  are  

r e p r e s e n t a t i v e  of the two major fa c ie s  (defined and described in  the  

fo l lo w in g  section  2 .4 )  found in  the Upper 01igocene. They show the 

range of v a r i a t i o n  found w i th in  the f a c ie s  and are re p re s e n ta t iv e  

of the outcrop found in t h e i r  loca l  a rea .  They are placed in the con

t e x t  of f a c i e s  d i s t r i b u t i o n  in  the fo l lo w in g  s ec t io n .

2 .4  Fac ies

2 .4 .1  In t r o d u c t io n

Two f a c i e s  can be recognised in  the f i e l d ,  named here,  on the  

basis of  t h e i r  most d i s t i n c t i v e  c o n s t i tu e n ts ,  the " r h o d o l i t h ic  a lg a l  

packstone-wackestone f a c ie s "  and " f o r a m in i f e r a l  gra instone-packstone  

f a c i e s " .

Previous workers have not d is t in g u ish e d  betveen these two d i s 

t i n c t i v e  f a c i e s  which d i f f e r  in :  f l o r a ,  macrofauna,  microfauna,  basal

conglomerate development,  under ly ing rock type and d iagenes is .  Campisi 

(1968) terms a l l  the deposits  Lepidocycl ine  l imestones.  Blondeau e t  a l ,  

(1972) and Mascle (1973,  1979) f a i l e d  to  recognise the presence of  

r h o d o l i t h s ;  they describe  a l l  the deposits  as c a l c a r e n i t e s ,  not d i s 

t in g u is h in g  g ra in s to n es ,  packstones and wackestones.
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2 . 4 . 2  R h o d o l i th ic  A lga l  Packstone-Waekestone Facies

a)  Macrofac ies :  The t h i c k e s t  and most extens ive  development of 

t h is  f a c i e s  is  seen in  the Nadore l lo  eas t  area (Figs 2 . 1 ,  2 . 2 ;  P la tes

2 . 3 ,  2 . 4 ,  4 . 3 3 - 4 . 3 8 )  and a t  San B iagio  west (F ig .  2 .6 ;  P la te  2 . 7 ) .  At  

both l o c a l i t i e s  i t  is  represented by a s in g le  massive 3 . 5 - 6  m bed r e s t 

ing unconformably on Upper Cretaceous chalk  with  a r e l a t i v e l y  extensive  

development o f  phosphatic conglomerate a t  the base (see Section 2 . 2 . 2 ) .  

Elsev^ere  the f a c i e s  is  found as 0 . 5 - 2  m in te rbeds  in  predominantly  

" f o r a m i n i f e r a l  gra insto ne-packstone  fa c ie s "  successions a t  Contrada  

Giovanni ( F i g .  2 . 5 ) ,  San B iag io  east  ( F i g . 2 .7 )  and Tombe Sicani  (F ig .  

2 . 8 )  and in  the areas around these l o c a l i t i e s .  West o f  Contrada Giovanni  

in  the Carboj and La Conca areas the f a c ie s  is  not seen.

The f a c i e s  is  c h arac te r ise d  by common a lg a l  rh o d o l i th s  in a l i g h t  

grey f o r a m i n i f e r a l  l imestone m a t r i x .  The rh o d o l i th s  have branching or 

laminar growth forms a t  Nadore l lo  east  and San Biago west (P la te s  4 .3 3 -  

4 .3 8 )  whereas a t  the o ther  l o c a l i t i e s  they have non-branching compact 

growth forms (P la t e s  4 .3 9 ,  4 .4 0 )  a d i f f e r e n c e  thought to be re la te d  to  

water energy (see Section 5 . 1 . 3 ) .  This d i f f e r e n c e  is  a lso  r e f l e c t e d  by 

the assoc ia ted  macrofauna. At Nadore l lo  e as t  there  is  a common echinoid  

fauna o f  l a rg e  species of  C ly p e a s te r  and o f  E c h in o la m p a s  (both determined  

by Dr E .P .F .  Rose, superv isor )  with occasional  p e c t in id  (C h lam ys, d e t 

ermined by Mr C.P .  N u t t a l l ,  B r i t i s h  Museum Natura l  H is to r y )  b iva lves .  At  

San Biagio  west C hlam ys  is  abundant.  E lsev^ere ,  macrofauna is  absent  

except a t  Contrada Giovanni where C hlam ys  is  common. L e p id o c y c l in a  

( E u le p id in a )  is  seen in  abundance in  the upper p a r t  of  the a lg a l  bed a t  

N ad o re l lo  e as t  ( P l a t e  2 . 1 5 ) .

b) M ic r o fa c ie s :  The f a c ie s  is  c hara c te r is ed  by a lg a l  f o r a m i n i f 

e ra l  packstones and wackestones (P la tes  2 . 1 6 - 2 . 1 9 ) .  (These are  poorly  

washed b i o s p a r i tes and packed b io m icr i tes  in  Folk  (1962)  te rminology) .

The former a r e ,  by f a r ,  most common w h i l s t  the l a t t e r  occur only oc

c a s i o n a l l y  in  patches a t  some hor izons.  S e t t l i n g  fe a tu re s  such as um

b r e l l a  s t ru c tu re s  (P la tes  2 .2 0 ,  2 .2 1 )  (formed by the la rge  Lep id o cyc l in a  

( E u le p id in a )  d i l a t a t a  and by r h o d o l i t h s ) ,  and geopetal  l y  f i l l e d  pore space 

are common. Towards the  top of  the bed in  the measured section a t
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d i l a t a t a  is  a d i s t i n c t i v e  form of  t h is  f a c i e s ,  o f te n  l o c a l l y  abundant 

( P la t e  2 . 1 5 )  and commonly forming the nucleus o f  a lg a l  r h o d o l i t h s .

c )  D iagenes is:  Diagenesis throughout the Upper 01 igocene l ime

stones is  descr ibed in  Section 5 . 1 .  Cementation in  t h i s  fa c ie s  is more 

complex than in  the f o r a m i n i f e r a l  gra instone-packstone f a c i e s . Four 

periods  o f  cement (Sect ion  5 . 1 . 2 )  a re  deve loped,  whereas in  the fo ra m in 

i f e r a l  gra instone-packstone  fa c ie s  only two are p re se n t .  Compaction 

(S ec t io n  5 . 1 . 3 )  i s  prominent in  the packstones where the t h i r d  period  

cement is  absent and syn-cementation pore f i l l e r s  (Sect ion  5 . 1 . 5 )  are  

found only  in  t h i s  f a c i e s ,  a t  both Nadore l lo  east  and San Biago west. 

Neomorphism is  represented by the common format ion  of  microspar in  the  

wackestones and muddy packstones.

2 . 4 . 3  F o r a m in i f e r a l  Gra instone-Packstone  Facies

a )  M acrofac ies :  This f a c ie s  is  by f a r  the most widespread and

is  represented  by most o f  the outcrop in  the study a re a .  At Carboj  

( F i g .  2 . 3 ;  P la t e  2 .1 0 )  and in  the outcrops to  the west,  inc lud ing  La 

Conca ( F i g .  2 . 4 ;  P la t e  2 . 1 1 ) ,  i t  represents the e n t i r e  exposed suc

c ess io n .  The f a c ie s  reaches i t s  maximum thickness a t  the Carboj dam 

measured s ec t io n  (41 m). At the southern end o f  the Carboj ra v ine  i t  

has a th ickness  o f  38 m and a t  La Conca i t  is  21 .5  m t h i c k .  Elsewhere,  

to the west o f  C a rb o j ,  outcrops i n v a r i a b l y  expose 4 -20  m of succession.  

To the e a s t  o f  Carboj a t  Contrada Giovanni ( F i g .  2 . 5 ) ,  San Biago e as t  

( F i g .  2 . 7 )  and Tombe Sicani  ( F i g .  2 . 8 )  and in  the areas around these  

f ig u r e d  outcrops the f a c ie s  conta ins  some i n t e r c a l a t i o n s  of  the rhodo

l i t h i c  a lg a l  packstone-wackestone f a c i e s ,  a l b e i t  a small amount a t  San 

Biagio  e a s t .  Where seen, th is  fa c ie s  always unconformably o v e r l i e s  

Eocene w h i te  l imestones (Sect ion  2 . 6 . 2 )  and has a poor development o f  

basal phosphatic conglomerate (Sect ion  2 . 2 . 2 ) .

The f a c i e s  is  cha ra c te r is e d  by massive ( 0 . 4 - 2 . 0  m) to  f laggy  (40 -  

100 mm) bedded f o r a m i n i f e r a l  l imestones which weather l i g h t  grey but  

have a cream to  beige co lo u r  when f re s h .  Flaggy bedding pervades the  

succession in  the La Conca area and to i t s  west .  Flaggy beds form the 

lower 28 m o f  the succession a t  San Biagio  east  and they comprise the
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exposed succession a t  Mt Gargalupo ( 6 .5  km to the southeast o f  San 

B ia g io ) .  Elsewhere they are absent or  few. Very occasional cross

bedded u n i t s  ( 0 . 4 - 0 . 6  m t h i c k )  are  found in  the succession in  the  

west o f  the  study a re a ,  in the measured sect ion  a t  Carboj and in  one 

outcrop in  the  La Conca area .  Macrofauna is  scarce.  C idaroid  spines 

are  convnon a t  Carboj and in the La Conca area.  Sparse i r r e g u l a r  

echinoids  are  found a t  only  th re e  l o c a l i t i e s .  Crushed examples o f  

small E c h in o la m p a s  (determined by Dr E .P .F .  Rose) were found in the  

Carboj measured sect ion  and in  the outcrops at  the southern end o f  the  

Carboj ra v in e .  In the La Conca a re a ,  in a road c u t t in g  next to the  

Sciacca-Sambuca road two crushed examples o f  spatangoid echinoids were 

found.

b) M ic r o f a c ie s :  The fa c ie s  is c hara c te r is e d  by benthonic foram

i n i f e r a l  packstones and gra insto nes  (P la te s  2 . 2 6 - 2 . 3 4 ) (p oor ly  washed 

b i o s p a r i t e s ,  unsorted b iospar i  tes and sorted b io s p a r i te s  in Folk (1 962) 

te rm ino logy)  o f  g e n e r a l l y  equal p ropor t ions .  The fo rmer ,  however, con

t a i n  on ly  small amounts o f  mud m a tr ix  in t h e i r  pores (5-20% o f  pore 

space i s  f i l l e d ) .  They th e r e f o r e  represent s l i g h t l y  lower energy,  poorer  

washed, vers ions  o f  the gra instones .  In g e n e r a l , gra instones are more 

common in the  Carboj and La Conca areas.  Packstones are more common in 

the succession to  the east o f  Carboj.  Sort ing  is  found only in the cross

bedded u n i t s  ( P l a t e  2 .3 1 )  except where i t  i s  caused by a monotypic L. 

( N e p h r o le p id in a )  fauna (P la t e  2 .3 2 )  which is  seen in  the La Conca and 

C a l t a b e l l o t t a  areas .  Well rounded gra ins  are not seen. In the g r a in 

stones o n ly  minor abrasion o f  the fo r a m in i fe r a  is  present.  Echinoid 

gra ins  and a lg a l  fragments may be sub-rounded to  rounded.

The rocks are whol ly  carbonate except f o r  the presence o f  small 

q u a n t i t i e s  o f  g la u c o n i te  p e l l e t s  in  the La Conca a rea ,  a t  the San Biagio 

east  l o c a l i t y ,  and in  outcrops in  the Tombe Sicani  area .  In the western 

N adore l lo  area  g la u c o n i te  and g la u c o n i t i c  minera ls  are common as i n f i l l s  

o f  f o r a m i n i f e r a l  chambers and pores o f  ech inoid  gra ins  in  c . l 2  m o f  

sediments (S ec t ion  6 . 2 ) .  These sediments a lso conta in  d iag en e t ic  f e l d 

spars (S e c t ion  5 . 2 ) .

The f a c ie s  conta ins n e a r ly  a l l  the  benthonic fo r a m in i fe r a  l i s t e d
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in the previous s ec t io n  ( 2 . 4 . 2 b ) .  I t  lacks the very la rge  L. ( E u le p id in a )  

d i l a t a t a ,  but c o n ta in s ,  in  a d d i t i o n ,  a r e s t r i c t e d  occurrence o f  M io g y p s in a  

(found in  outcrops in  the C a l t a b e l l o t t a  a r e a ) .  Other b ioc las ts  are r e p 

resented by rounded echinoid  and a lg a l  debr is  ( P la t e  2 .3 0 ,  2 .3 4 )  and 

fragments of tu b u la r  and f e n e s t r a t e  bryozoans. The r e l a t i v e  amounts of  

these b io c la s ts  vary  g r e a t l y .  Most beds conta in  a b io c la s t  assoc iat ion  

of common L. (N e p h r o le p id in a )  and A m p h is te g in a  (P la te  2 . 2 6 ) .  Some beds 

( i n  p a r t i c u l a r ,  the cross bedded u n i t s ) ,  however, are dominated by 

A m p h is te g in a  and R o t a l ia  (P la te  2 . 3 1 ) ,  other  beds are  formed almost ex 

c l u s i v e l y  o f  L . (N e p h r o le p id in a )  (P la t e s  2 .3 2 ,  2 . 3 3 ) .  Some beds have 

abundant echinoid  d e b r i s ,  others have r e l a t i v e l y  abundant bryozoans.

c)  Diagenesis :  Cement diagenesis  in th is  fa c ie s  is r e s t r i c t e d

to the poor development of  the f i r s t  and second periods of  cement 

(Sect ion  5 . 1 . 2 ) .  As a r e s u l t  of  t h i s ,  compaction (Sect ion 5 . 1 . 3 )  is  wide

spread and has had considerab le  e f f e c t ,  r e s u l t i n g  in  r o t a t i o n  or r e 

d i s t r i b u t i o n  of  g r a in s ,  f r a c t u r i n g  of g ra ins  and pressure s o lu t ion  

betv/een g r a in s .  Neomorphism too (Sect ion 5 . 1 . 4 )  is  widespread and takes  

the form o f  common microspar and occasional  pseudospar formation from 

l ime mud. A r e s t r i c t e d  occurrence of d o lo m i t i s a t io n  (Section 5 . 1 . 6 )  

is seen a t  San Biagio  e as t  and g la u c o n i t i s a t io n  (Sect ion 6 .2 )  of  gra ins  

is  found in  western Nadore l lo .

2 . 4 . 4  Fac ies  D i s t r i b u t i o n

The r h o d o l i t h i c  a lg a l  packstone-wackestone fa c ie s  is represented  

by a s in g le  bed (4 -6  m t h i c k )  r e s t in g  unconformably on Upper Cretaceous 

chalks w i th  a r e l a t i v e l y  wel l  developed basal phosphatic conglomerate in 

the c e n t r a l  reg ion of the study a rea ,  from the Nadore l lo  area in  the  

south to  San Biagio  west l o c a l i t y  in  the nor th .  To the eas t  o f  th is  area 

(and to the eas te rn  l i m i t  o f  the study area)  the fa c ie s  no longer rests  

on the unconformable sur face  and is  represented by minor in t e r c a la t io n s  

in predominantly  f o r a m i n i f e r a l  gra instone-packstone successions.  To the 

west,  a t  Contrada Giovanni ,  the fa c ie s  is  found interbedded with the  

forami ni f e r a l  gra insto ne-packstone  fa c ie s  and to  the west of Contrada 

Giovanni ,  in  the Carboj and La Conca a reas ,  the fa c ie s  is  no longer  

present.
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Conversely ,  the fo rm a in 1 fe ra l  gra instone-packstone fa c ie s  forms 

most of  the exposed successions to  the east o f  the c e n t r a l l y  posit ioned  

Nadore l lo -San B iag io  west outcrops.  To the west,  a t r a n s i t i o n  ser ies  

between the two fa c ie s  is  seen a t  Contrada Giovanni w h i l s t  f u r t h e r  west 

in the Carboj and La Conca areas the f o r a m i n i f e r a l  gra instone-packstone  

f a c ie s  represents  a l l  the outcrop.  Where seen, a t  San Biago east  and 

a t  the southern end o f  the Carboj r a v in e ,  th is  fa c ie s  res ts  unconform

a b ly  on Eocene w h i te  l imestones w i th  a very poorly  developed phosphatic 

conglomerate a t  the base.  This unconformable r e l a t i o n s h i p  can also be 

i n f e r r e d  in  the Tombe Sicani  and Carboj dam areas.  The only cross  

bedded u n i ts  are found a t  Carboj dam and to  the west w h i l s t  small 

amounts o f  g la u c o n i te  p e l l e t s  are  found in  the northwest (contradas 

Magaggiari  and F in o c c h io ) ,  nor th (San Biagio  east l o c a l i t y  on ly )  and 

the southeast ( i n  the Tombe Sicani  a r e a ) .  I n  s i t u  g la u c o n i t i s a t io n  is 

seen only  in  western Nadore l lo  in  c .  12 m o f  sediments.

2 . 4 . 5  Conclusion

Two f a c ie s  are  recognised in the Upper 01 igocene o f  southwest  

S i c i l y  in  rocks which have been p re v io u s ly  mapped as a s in g le  l imestone  

u n i t .  These f a c ie s  are  here named the " r h o d o l i t h i c  a lg a l  packstone-  

wackestone f a c ie s "  and the " f o r a m i n i f e r a l  gra instone-packstone fa c ie s " .  

The former f a c ie s  d i f f e r s  from the l a t t e r  in  having: a more massive

bedform; common c o r a l l i n e  red a lg a l  r h o d o l i th s ;  a more abundant more 

d iv ers e  macrofauna; a microfauna which contains common L , ( E u le p id in a )  

d i l a t a t a  but no M io g y p s in a ;  more muddy packstone,  sometimes wackestone 

l i t h o l o g i e s ;  and more periods o f  cementation.  The r h o d o l i t h i c  a lg a l  

packstone-wackestone fa c ie s  is  always found associated with  a wel l  dev

eloped basal  phosphatic conglomerate r e s t in g  on Upper Cretaceous chalk  

whereas the f o r m a i n i f e r a l  gra instone-packstone fa c ie s  res ts  unconformably 

on Eocene w h i te  l imestones with  only a poor development o f  phosphatic  

conglomerate a t  the base.

The f a c ie s  d i s t r i b u t i o n  is  o u t l in e d  in section  2 . 4 . 4  and in es

sence shows t h a t  the r h o d o l i t h i c  a lg a l  packstone-wackestone fa c ies  out  

crops in  the c en t re  o f  the study area on the unconformable sur face .  To 

the west ,  f o r a m i n i f e r a l  gra instone-packstone fa c ie s  form the e n t i r e
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exposed süccessiomi. To the  e a s t  these gra instone-packstones r e s t  on 

the one on fo r  mi t y  sunrface and form most o f  the  succession with  some 

i n t e r c a l a t i o n s  o f  the r h o d o l i t h i c  f a c i e s .

This  f a c i e s  d i s t r i b u t i o n  i s  placed in  a pa 1 aeogeographic con

t e x t  i n  s e c t io n  2 . 6 . 2  below, in c o rp o ra t in g  fe a tu r e s  of  the d e p o s i t io n a l  

environment i n f e r r e d  i n  s ec t ion  2 . 5 .

2 .5  D e p o s i t io n a l  environment

2 - 5 .1  I n t r o d u c t io n

The conta ined fauna and f l o r a ,  rock type (or  t e x t u r e ) ,  g lau co n i te  

and carbonate  d iagenes is  a r e  a l l  usefu l  in d ic e s  of  de p o s i t io n a l  en v i ro n 

ment. The c o m a r  faunal  and f l o r a l  content  o f  the two fa c ie s  and t h e i r  

c lo s e ,  sometimes in te rbed ded ,  r e l a t i o n s h i p  suggests t h a t  they were both 

deposited  under s i m i l a r  environmental  c o n s t ra in ts  o f :  o x id a t io n ,  s a l i n 

i t y ,  tem pe ra tu re ,  l i g h t  i n t e n s i t y  and depth .  The two f a c ie s  were,  

however, depos i ted  under d i f f e r e n t  water energ ies :  the r h o d o l i t h i c  a lg a l

packstone-wackestone f a c ie s  formed in  a lower energy environment than  

the f o r a m i n i f e r a l  gra instone-packstones .  The l a t t e r  conta in  occasional  

cross beds,  i n d i c a t i v e  o f  a t  l e a s t  moderately high energy co n d i t io n s .

2 . 5 . 2  Oxidation,

The abundance o f  a more or less in  s itu  benthonic fauna precludes  

anyth ing  o th e r  than an o x id is in g  environment f o r  o v e r a l l  d e p o s i t io n ,  

however,  the  presence o f  in  s itu  g la u co n i te  in  the western Nadore l lo  

area in d i c a t e s  t h a t  t h i s  area  a t  l e a s t  was te m p o ra r i ly  w i t h in  the oxygen 

minimum zone. Moreover ,  the  presence o f  e a r l y  mari ne ferroan c a l c i t e  

cements i n  the  same a rea  in d ic a t e s  a reducing environment soon a f t e r  

sediment d e p o s i t io n .  I t  i s  t h e r e f o r e  i n f e r r e d  t h a t  t h is  p a r t  o f  the  

area m s  s h e l t e r e d  f r # r  main c u rren ts  wi th  consequently reduced c i r c u l 

at ion;.

2 - 5 . 3  S a l i n i t y

*11 the ffaiuwa amd flo ra  of the sediments, together with the 

ilaucomite fwund inn wester# Nadorello. suggest accumulation under normal
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marine s a l i n i t i e s .  Echinoderms and bryozoans lack mechanisms to con

t r o l  i n t e r n a l  i o n i c  concentra t ions  in  low and high s a l i n i t i e s ,  and 

are t h e r e f o r e  r e s t r i c t e d  to  normal s a l i n i t i e s  ( c i r c a  34-37%,) (Schopf,

1980) .  C o r a l l i n e  red a lgae  p r e f e r  normal marine s a l i n i t i e s  and few 

species can t o l e r a t e  low s a l i n i t i e s  (Adey & M c In ty re ,  1973 ) .

The e c o lo g ic a l  prefe rences o f  some l i v i n g  benthonic f o r a m in i fe r a  

are  given by Murray (1 9 7 3 ) .  Of those l i s t e d ,  A m p h is te g in a ,  R o t a l ia ,  

H e te r o s te g in a  and O p e rc u lin a  are present in  the S i c i l i a n  C h a t t ian  and 

a l l  are  found today in  normal marine s a l i n i t i e s  o f  33-37%& H e te ro s te g in a  

can t o l e r a t e  h y p e rs a l in e  cond i t ions  o f  > 37%» R o t a l ia  i s  r e s t r i c t e d  to  

s a l i n i t i e s  o f  36-38%» and A r p h is te g in a  i s  g e n e ra l ly  found in s a l i n i t i e s  

> 34«  In g e n e r a l , however, h y a l in e  calcareous fo r a m in i fe r a  dominating  

the benthonic  f o r a m i n i f e r a l  a s s o c ia t io n  (as they do here)  represent ac

cumulat ion under in te rm e d ia te  (normal) s a l i n i t i e s  (Murray,  1973).

In a n c ie n t  d e p o s i ts ,  in  s tud ies  o f  01igo-Miocene sediments from 

A u s t r a l i a ,  Chaproniere  (1975) concluded t h a t  L e p id o c y c l in a  ( E u le p id in a ) ,  

H e te r o s te g in a ,  C y c lo c ly p e u s ,  O p e rc u l in a  and some species o f  L . (N e p h ro 

l e p id in a )  l i v e d  in  normal s a l i n e  environments though a t  d i f f e r e n t  depths.  

Bennett (1980)  in  a study o f  Upper 01igocene Limestones from the Maltese  

i s lands  ( C o r a l l i n e  Limestone Formation) concluded t h a t  an assemblage o f  

A m p h is te g in a ,  H e te r o s te g in a ,  L e p id o c y c l in a ,  C y c lo c ly p e u s ,  S g iro c ly p e u s  

and M io g y p s in a  in  sediments associated  w i th  c o r a l l i n e  red algae and a 

d iverse  macrofauna represented accumulation in  normal marine con d i t io n s .

F i n a l l y ,  g la u c o n i te  although a d ia g e n e t ic  m in e r a l ,  forms on, or  

j u s t  below, the sediment water i n t e r f a c e  and can t h e r e fo r e  be used to  

i n d i c a t e  d e p o s i t io n a l  environment.  Where i t  is  marine in  occurrence,  i t  

is  i n d i c a t i v e  o f  normal marine s a l i n i t i e s  (McRae, 1972) or an open 

marine environment" (Odin & L e t o l l e ,  1980).

2 . 5 . 4  Temperature

The c o r a l l i n e  red a lg a l  assemblage is  dominated by the cool water  

genera Lithothcamium  and Mesophyllum over the warm water  genera Archaeo- 

lith o th a m iu m , Lithophyllum  and L ith o p o re lla  and th e re fo re  represents
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accumulation in  cool waters (Sect ion 4 . 1 . 4 ) .

Data from Murray (1973) suggest t h a t  A m p h is te g in a  is  r e s t r i c t e d  

to  bottom w ater  temperatures o f  25 -26°C ,  w h i l s t  R o t a l ia  to le r a t e s  

temperatures between 14-25°C, and H e te r o s te g in a  and O p e rc u lin a  are 

r e s t r i c t e d  to  t r o p i c a l  waters .  Subsequent work by Hal lock  (1979) would,  

however, suggest t h a t  th is  narrow 25-26°C temperature range given fo r  

A m p h is te g in a  is  wrong since i t  is  found extending to  the l i m i t  o f  the  

phot ic  zone (and th e r e fo r e  to coo ler  temperatures) around the Caro l ine  

is lands  and Hawai i .  A lso,  Cushman (1970) records common A m p h is te g in a  

from sediments in  bottom water  temperatures o f  7 - 1 3°C around the  

P h i l i p p i n e  is l a n d s .

Benthonic f o r a m in i f e r a  s iz e  is c o r r e la te d  w i th  temperature (Haynes,

1981).  W i th in  benth ic  marine spec ies ,  h igher  l a t i t u d e  (and th e re fo re  

co o le r  w a te r )  populat ions tend to breed a t  a l a t e r  age and less of ten  

than lower  l a t i t u d e  (and warmer water )  popula t ions .  Consequently,  

higher  l a t i t u d e  populat ions tend to  be o ld e r  and l a r g e r  (Schopf,  1980).

In marine b iv a lv e s ,  the l a r g e s t  species o f  a genus (or  fa m i ly )  is  said to  

l i v e  in  the c o ld es t  water  ( N i c o l ,  1967).

The la rg e  s iz e  of  the S i c i l i a n  C hat t ian  fauna,  in  p a r t i c u l a r  L . 

( E u le p id in a )  d i l a t a t a ,  the la rge  species o f  the echinoids C ly p e a s te r  and 

E c h in o la m p a s ,  and the b iv a lv e  C hlam ys, along w i th  t h e i r  low d i v e r s i t y  and,  

in the case o f  the macrofauna,  small populat ion may in d ic a t e  accumulation  

in cool temperatu res .  The benthonic f o r a m i n i f e r a ,  al though abundant,  do 

not form a th ic k  sequence o f  sediments. Although the top o f  the sequence 

is  never seen, t h e i r  slow accumulation is  evidenced by the formation o f  

g la u c o n i te  (where the condi t ions are conducive).  This slow r a te  o f  rep

roduction is  another  in d ic a t io n  t h a t  temperatures are  cool (Haynes, 1981,  

Schopf, 1980 ) .

F i n a l l y ,  in  d iagenes is ,  the general  lack or poor development of  

marine cements suggests t h a t  we are  dea l ing  with  cool (deep) (CaCO^) 

undersaturated  waters r a t h e r  than warm (sha l low)  sa tura ted  or super

sa tu ra ted  w aters .  A ls o ,  i n  s i t u  g laucon i te  in d ica te s  a f a i r l y  narrow
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range o f  bottom w ater  temperatures dur ing i t s  fo rm at io n ,  o f  between 

7-20°C (S ect ion  6 . 6 . 3 ) .

2 . 5 . 5  L ig h t  I n t e n s i t y

The presence o f  w el l  preserved and th e r e fo r e  autochthonous c o r a l 

l i n e  red algae  in d ic a te s  t h a t  the deposits formed w i th in  the photic  

zone. However, these algae  u t i l i s e  l i g h t  from the more p e n e t ra t iv e  

blue -green  wave band and can th e r e fo r e  l i v e  in  very low l i g h t  in te n s iv e  

(deep) w aters .  The presence o f  la rge  benthonic f o r a m in i fe r a  may a lso  

i n d i c a t e  l i g h t  penetra ted  waters .  In many l i v i n g  species various algae  

occur in  t h e i r  endoplasm and ectoplasm wi th  a possib le  symbiotic r e l 

a t io n s h ip  (Haynes,  1981).  Ha l lock  (1979) l i s t s  f i f t e e n  species o f  la rge  

f o r a m in i f e r a  which are known or suspected to  mainta in  a lg a l  symbionts.

Of those l i s t e d  A m p h is te g in a  and H e te ro s te g in a  are present  in  the  

S i c i l i a n  Upper Oligocene.  I f  i t  is  assumed t h a t  these and o ther  genera 

of la rg e  f o r a m i n i f e r a  mainta ined a lg a l  symbionts in the geologic  past ,  

then t h i s  too would suggest t h a t  the S i c i l i a n  Chat t ian  was deposited in  

l i g h t  penet ra ted  w aters .

2 . 5 . 6  Depth

Given t h a t  the p o s i t io n  o f  southwest S i c i l y  was t r o p i c a l - s u b 

t r o p i c a l  in  the Upper Oligocene (Smith & Br iden,  1977 ) ,  a l l  c r i t e r i a  

p o in t  towards d e pos i t ion  on a deep s h e l f .  The mere presence o f  the coral  

l i n e  red algae A rc h a e o lith o th a m n iu m  and L i t h o p o r e l l a  would suggest t r o p 

i c a l  - s u b t r o p ic a l  l a t i t u d e ,  as would the presence o f  H e te r o s te g in a  and 

O p e rc u lin a  (p ro v id in g  t h e i r  environmental preferences have not changed 

s i g n i f i c a n t l y  from Oligocene to  Recent) .  However, the predominance o f  the 

cool w a te r  genera L ith o th a rm iu m  and M e so p h y llu m  suggests depos i t ion  in  

c o o le r ,  deeper waters in  a t r o p i c a l - s u b t r o p ic a l  environment, and a depth 

o f  80-250  m can be est imated from the c o r a l l i n e  a lg a l  assemblage (Section

4 . 1 . 4 ) .

In g e n e r a l ,  those fe a tu res  l i s t e d  above as being i n d i c a t i v e  o f  

co o le r  temperatures a lso suggest deeper s h e l f  environments in  t r o p i c a l -  

subtro p ica l  l a t i t u d e s .  Of the fo ra m in i fe ra  present ,  Cushman (1970) has 

recorded,  from the seas around the P h i l ip p in e  is la n d s ,  the common
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occurrence of  A m p h is te g in a  in  depths o f  40-100 m H e te ro s te g in a  (20 -  

80 m),  O p e rc u lin a  (20 -8 0  m) and R o t a l ia  (40-100  m, f r e q u e n t ly  200 m). 

D i f f e r e n t  species have d i f f e r e n t  depth ranges and commonly these  

genera extend above and below the l i m i t s  given above. Hal lock  (1979)  

shows t h a t  species o f  A m p h is te g in a  p r e f e r  d i f f e r e n t  depth ranges 

around the C a ro l in e  is lands  and Hawai i ,  one species extending in to  

waters as shal low as 5 m, v ^ i 1st another is  r e s t r i c t e d  to water depths 

> 30 m to  the base of  the phot ic  zone. F o ra m in i f e r a , as genera ra th e r  

than s p ec ies ,  a re  th e r e fo r e  only broadly useful  as pa 1aeobathymetric  

i n d ic e s .  However, the predominance of h ya l in e  calcareous fo ra m in i fe ra  

along wi th  the absence of  any M i l i o l i d a  (which are i n d i c a t i v e  o f  very 

shallow w a te rs ,  f i d e  Haynes, 1981),  absence o f  Nodosar i ida ,  and near  

absence o f  T e x t u l a r i i d a  (both i n d i c a t i v e  o f  deeper waters in  areas of  

normal s a l i n i t i e s ,  Haynes, 1981) suggest depos i t ion  on a s h e l f  o f  mod

e r a t e  depth (Murray,  1973).

F i n a l l y ,  McRae (1972) notes t h a t  in  t r o p ic a l  a reas ,  warm water  

condi t ions  prevent g l a u c o n i t i s a t i o n  u n t i l  c oo le r  waters are a t ta in e d  

a t  depth.  Consequently,  Porrenga (1967) found t h a t  g laucon i te  occurs 

a t  depths o f  125-250 m o f f  the N iger  d e l t a .  Above 125 m, chamosite 

and g o e th i te  occur.

2 . 5 . 7  Water Turbulence

Evidence from t h t  rh o d o l i th s  and l i t h o l o g i e s  in d ica te s  t h a t  the 

r h o d o l i t h i c  a lg a l  packstone-wackestone fa c ie s  is o f  a lower energy en

vironment than the f o r a m i n i f e r a l  gra instone-packstone fa c ie s .  This 

energy d i f f e r e n c e ,  however, does not appear to  be g re a t .

R hodol i th  formation requires  re g u la r  ge n t le  movement to a l low  

concentr ic  growth.  Too much movement and the algae would become f r a g 

mented, w i th  too l i t t l e  movement the algae s t a b i l i s e  and coalesce.  

Consequently,  r h o d o l i t h  substrates  have packstone l i t h o l o g i e s  w i th  com

mon s e t t l i n g  fe a tu re s  (umbrel la  and geopetal  s t r u c tu r e s )  produced by 

t h e i r  p e r io d ic  movement. Where the substra te  is  wel l  developed ( a t  

Nadore l lo  eas t  and San Biag io  west)  i t  is  muddier and the rhodo l i ths  

have growth forms i n d i c a t i v e  o f  r e l a t i v e l y  lower energy whereas where
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the rh o d o l i t h  beds are i n t e r c a l a t e d  w i th  the (h igher  energy) fo ramin

i f e r a l  g ra insto ne-packstones they are less muddy and the rhodo l i ths  

have massive non-branching growth forms i n d i c a t i v e  o f  higher energy 

environments (Sect ion  4 . 1 . 3 ) .

The absence or pauc i ty  o f  m a tr ix  in  the f o r a m i n i f e r a l  g ra in sto ne-  

packstones in d ic a te s  t h a t  they formed in  a h igher  energy environment  

than the r h o d o l i t h i c  packstone-wackestones.  However, th is  energy i n 

crease is  not  excessive s ince: some m a tr ix  is  p resent;  the grains of

the gra insto nes a re  not rounded and are only o c ca s io n a l ly  sor ted;  and 

only two cross bedded un i ts  were found throughout the whole study area .  

Also,  the presence o f  i n  s i t u  g laucon i te  formation in  the western 

Nadore l lo  area in  these deposits  suggests some, but not excessive ,  t u r 

bulence (Sect ion  6 . 6 . 4 ) .

In conc lus ion ,  t h e r e f o r e ,  i t  is  suggested th a t  the f o r a m in i f e r a l  

gra instone-packstone  fa c ie s  is  o f  only s l i g h t l y  h igher  water  energy than 

the r h o d o l i t h i c  a lg a l  packstone-wackestones. Where the former is  found 

in te rbedded w i th  the l a t t e r ,  i t  is  possib le  t h a t  L e p id o c y c l in a  

( E u le p id in a )  d i l a t a t a ,  found only in the r h o d o l i th  f a c ie s ,  was la rge  

enough to form a s ta b le  s ubstra te  which the algae could then colonise  

( r h o d o l i th s  are  o f ten  found with  these fo ra m in i fe ra  as t h e i r  nucleus).  

Thus formed, the rh o d o l i th s  then acted as a b a f f l e  to  t ra p  mud. In 

th is  way, the two fa c ie s  could form in  an environment o f  very s i m i l a r  

water e n erg ie s .

2 . 5 . 8  Summary

The above data in d ic a t e  depos it ion  o f  the Upper Oligocene l im e

stones in  w e l l  oxygenated,  normal s a l i n e ,  cool waters w i t h in  the photic  

zone a t  depths o f  80-250  m a t  a t r o p i c a l - s u b t r o p ic a l  l a t i t u d e .  Each of  

the two f a c i e s ,  however,  probably accumulated in  s l i g h t l y  d i f f e r e n t  

water  energ ies :  the r h o d o l i t h i c  a lg a l  packstone-wackestone fac ie s  in a

s l i g h t l y  lower w ater  energy environment than the f o r a m in i f e r a l  grainstone-

packstone f a c i e s .
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2 .6  Palaeogeography o f  the Saccense Carbonate P la t form

2 .6 .1  General

The palaeogeographic  e vo lu t io n  o f  western S i c i l y  from T r ia s s ic  to  

Oligocene times is  o u t l in e d  in section  1 . 4 ,  and the palaeogeography of  

western S i c i l y  f o r  Middle Cretaceous to Eocene times is  given in Figure

1 .4  ( a f t e r  Catalano & D 'A rgen io ,  1978).  At  t h a t  t ime,  the area now 

represented  by western S i c i l y  comprised three  carbonate platforms sep

ara ted  by two basins ,  a l l  w i th  an e as t -west  t rend .  The Upper Oligocene  

l imestones descr ibed here are located on the southernmost p la t fo rm ,  the  

Saccense Carbonate P la t form .

Although Cata lano & D'Argenio (1978) make no mention o f  i t ,  e v id 

ence from outcrops in the Mt Kronio-Contrada Suvare t to  area ( j u s t  to the 

eas t  o f  Sc iacca ,  near the coast)  in d ic a te s  t h a t  the p la t fo rm  was bounded 

to  the south by another  basin .  The Eocene fa c ie s  o f  t h is  area is  dom

in a ted  by re -sedimented l imestone conglomerates and c a lc a re n i te s  ( t u r b -  

i d i te s )  commonly showing grading ,  sometimes d is p la y in g  sole  s t r u c t u r e s ,  

and o c c a s io n a l ly  channels can be seen. These l imestones are interbedded  

with  deeper w ater  c a l c i s i l t i t e s  wi th  f l i n t s ,  represent ing  autochthonous 

sedimenta t ion in the a rea .  The fa c ie s  suggests accumulation in  a r e l 

a t i v e l y  s te e p ,  sharp slope environment during Eocene t imes.  This steep 

slope and presumably sharp s h e l f  break is f u r t h e r  suggested by the pres

ence o f  Lower and Middle Oligocene re e f a l  deposits  throughout the Mt 

Kronio a re a .  The Saccense Carbonate P la t form was, in  terms o f  Read's 

(1982) te rm ino logy ,  an " i s o la t e d  carbonate p la t fo r m " ,  f o r  which i t  shows 

a l l  the i n d i c a t i v e  f e a t u r e s ,  inc lud ing  the necessary shal low water  c a r 

bonates surrounded by deeper water  de pos i ts ,  a t  l e a s t  in  Eocene-Middle 

Oligocene t imes.

W h i ls t  the southern boundary o f  th is  p la t fo rm  can be demonstrated 

to be sharp and s te ep ,  there  is no evidence f o r  th is  in  the Eocene and 

possib le  Oligocene a t  the northern boundary o f  the p la t fo rm .  N e i th e r  is  

there  evidence (such as the i n t e r f i n g e r i n g  o f  deep and shal low water  

depos i ts )  to  suggest t h a t  the boundary w i th  the basin to  the north was 

gradual .  However, in  the M a a s t r ic h t ia n  to Palaeocene o f  the Mt Genuardo 

area the re  are  "megabreccia" deposits (Cata lano & D'A rgenio ,  1978) -
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f a u l t  generated conglomerates suggesting t h a t  the boundary was te c to n -  

i c a l l y  a c t i v e ,  steep and probably sharp,  a t  l e a s t  by the beginning of  

the T e r t i a r y .

2 . 6 . 2  Upper Oligocene

As descr ibed above,  two fa c ie s  are recognised in the Upper 

Oligocene: a r h o d o l i t h i c  a lg a l  packstone-wackestone fa c ie s  and a f o r 

a m in i f e r a l  gra insto ne-packstone  f a c ie s .  (These f a c ie s ,  located on the 

Saccense Carbonate P la t fo rm ,  pass northwards i n t o  an a rg i l l a c e o u s  Upper 

Oligocene sequence s i t u a t e d  in  the Sicani  Basin which under l ies  the  

Lower Miocene Limestones described in Chapter 3 ) .  The a lg a l  fa c ies  is  

best developed a t  the base o f  the succession in the centre  o f  the study 

area where i t  res ts  on Upper Cretaceous chalk w i th  a w el l  developed 

phosphatic conglomerate a t  the base. The f o r a m i n i f e r a l  f a c ie s  is  found 

in the west and east o f  the area where i t  rests  on Eocene c a l c i l u t i tes 

with  a minimal development o f  basal  phosphatic conglomerate.

F igure  2 . 9  exp la ins  these fea tu res  in  terms o f  d i f f e r e n t i a l  sub

sidence.  I t  is  i n f e r r e d  t h a t  Lower T e r t i a r y ,  mainly Eocene (w i th  some 

Oligocene , f i d e  Campisi ,  1968) ,  c a l c i l u t i tes were deposited on top of  

Upper Cretaceous cha lks .  These Eocene c a l c i l u t i tes were then eroded,  

forming a channel o r  e longate  trough in the centre  o f  the study area .  

This trough extended from Nadore l lo  in  the south to  San Biagio in  the  

nor th .  I t s  lo c a t io n  may have been governed by block f a u l t i n g  in  the 

under ly ing  Cretaceous (F ig .  2 .9 A ) .  U n t i l  th is  t ime the Upper Cretaceous 

-  Lower T e r t i a r y  succession may not have been, or  was only p a r t i a l l y ,  

l i t h i f i e d .  This is  in d ica te d  by the burrows a t  Nadore l lo  east (Section  

2 . 2 . 1 )  and may e x p la in  the general lack o f  lower T e r t i a r y  c la s ts  in the  

basal conglomerate.

This t rough ,  when formed (F ig .  2 .9 B ) ,  became the s i t e  f o r  minor 

conglomerate formation and dumping and subsequently low energy rhodo

l i t h i c  a lg a l  l imestones which were s he l te red  from currents  in  the dep

ression ( F ig .  2 . 1 0 ) .  The f o r a m in i f e r a l  grainstone-packstones were,  

however, depos ited  on the bordering  current -swept  topographic high areas 

Minor developments o f  the r h o d o l i t h i c  a lg a l  fa c ie s  were able  to  form in
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49

these h ig h e r  energy areas where small depressions occurred,  or where 

L , ( E u le p id in a )  d i l a t a t a  occurred thus s t a b i l i s i n g  the substra te  f o r  

a lg a l  c o lo n is a t io n  (F ig .  2 . 1 0 ) .  G lauconite  formed a t  the edge o f  the 

trough in  western Nadore l lo  (F ig .  2 .1 0 )  where depos i t ion  was slow and 

c i r c u l a t i o n  presumably bad, accounting f o r  the presence o f  a local  

oxygen minimum zone.

2 .7  Conclusions

The l imestones described in th is  chapter  have,  in the past ,  been 

im p rec is e ly  or in  p a r t  i n c o r r e c t l y  dated as Upper Oligocene -  Lower 

Miocene in  age. They are  here ascribed to the Upper Oligocene ( C h a t t i a n ) ,  

and c o r r e l a t e d  as the westward e q u iv a le n t  o f  the I rm in io  Member o f  the  

Ragusa Formation,  whose type area l i e s  some 160 km to the eas t -so u th eas t .

Where seen, the base o f  the succession is  always marked by a t ra n s -  

g ress ive  s u r fa c e ,  the Upper Oligocene l imestones re s t in g  with  sharp 

j u n c t io n  i f  l i t t l e  angular  discordance d i r e c t l y  onto chalks ,  sometimes of  

Eocene, sometimes o f  Cretaceous age. Upper Oligocene sedimentat ion com

menced w i th  loca l  development o f  patches o f  cobble conglomerate,  the  

c la s ts  p r i m a r i l y  unphosphatised chalks o f  Upper Cretaceous and p a r t l y  

Eocene age and i n f e r r e d  loca l  o r i g i n ,  but a lso inc lud ing  phosphatised,  

bored chalks o f  Eocene age seemingly der ived from a non-loca l  source.

There is  t h e r e f o r e  evidence f o r  s i g n i f i c a n t  pre-Upper Oligocene e ros ion ,  

f o l lo w in g  deformation s u f f i c i e n t  to  make Cretaceous as wel l  as Eocene 

rocks a cc e ss ib le  to  e ro s io n ,  and evidence too f o r  an Eocene per iod of  

phosphat isa t ion  o f  an ad jacent  a rea ,  perhaps r e f l e c t i n g  c lo s e r  prox imity  

than p re v io u s ly  recognised o f  the Cretaceous -  Eocene phosphogenic pro

vince o f  North A f r i c a .

The l imestones form d is c r e te  outcrops ,  now separated by the e f -  

fe c ts  o f  Upper Miocene -  P l iocene tectonism and l a t e r  e ros ion .  Although 

h i t h e r t o  mapped as a s in g le  u n i t ,  two major fa c ie s  may be d is t ingu ished:  

a r h o d o l i t h i c  a lg a l  packstone-wackestone fa c ie s  and a f o r a m in i f e r a l  

gra in stone-packstone  f a c ie s .  From the contained f l o r a ,  macrofauna and 

microfauna and a u th ig e n ic  g laucon i te  m in e r a l i s a t i o n ,  i t  is  in f e r r e d  th a t  

the l imestones were a l l  deposited in  cool oxygenated waters o f  normal
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marine s a l i n i t y  in  depths o f  80-250 m in t r o p i c a l - s u b t r o p ic a l  l a t i t u d e s  

The two d i f f e r e n t  fa c ie s  repres ent  d i f fe re n c e s  in  loca l  water  depth 

and tu rbu lence:  the r h o d o l i t h i c  a lg a l  packstone-wackestones are i n t e r 

preted as having accumulated in  a sh e l te red  e longate  trough w h i l s t  the 

fo ra m ini f e r a l  gra instone-packstones are in f e r r e d  to be deposits on 

c u r ren t -s w e p t  highs.

The lo c a l  condi t ions  o f  depos it ion  in f e r r e d  f o r  these l imestones  

of  the Sciacca area are  c o n s is te n t  w i th  the palaeogeographic evo lu t ion  

i n f e r r e d  f o r  western S i c i l y  as a whole by Catalano & D'Argenio (1978 ) .  

They re p res e n t  a con t in u a t io n  o f  s h e l f  carbonate depos it ion  which had 

ex is te d  in  the area since T r i a s s i c  t imes.  Regional stud ies (Mascle,  

1973, 1979; Cata lano & D'A rgenio ,  1978) in d ic a t e  t h a t  the " s h e l f "  was 

in f a c t  an i s o l a t e d  p la t fo rm  (the  "Saccense Carbonate P latform" o f  

Cata lano & D 'A rgen io ,  197 8 ) ,  arguably  f a u l t  c o n t r o l l e d ,  bounded in the  

north by the "Sicani  Basin" (Cata lano & D'A rgenio ,  1978) and in  the  

south by a p re v io u s ly  unrecognised basin ,  evidenced by slope deposits  

in the Eocene to  the e as t  o f  Sciacca.
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C H A P  T E

LOWER M IO C E N E  L IM E S T O N E S

3.1 Introduction

3.1.1 General

Lower Miocene glauconitic limestones are well known in western 
S ic ily  (Section 3 .1 .2 ) where they form an extensive though fragmented 

outcrop. The limestones described here are located in two main areas. 
Most are found p a rt ia lly  encircling the Mesozoic outcrops which form 

the upland area o f Mt Genuardo (situated iimmediately north of the 

Upper Oligocene limestones described in Chapter 2) and are bounded by 

the towns of San Margherita di Bel ice , Sarabuca, Giuliana, Bisaquino 

and Contessa Entellina (F ig. 1 .5 ). The second area comprises a single 

comparative section from Mt Cardellia near Corleone, some 18-20 kim NINE 

of Mt Genuardo (F ig. 1 .5 ).

In the Mt Genuardo area these rocks are more poorly exposed than 

the Upper Oligocene limestones described in the previous chapter. To 

the west, north and east of Mt Genuardo, they form a series of discrete, 
mostly grass covered ridges (2-5 km long) with broken outcrop along 

th e ir  length (Plates 3 .1 , 3 .2 ). These ridges are separated from the 

Mesozoic rocks of Mt Genuardo by a series of depressions formed by Upper 
Oligocene imudstones and marls (Section 3 .3 .2 ; Mascle, 1973, 1979, map 
e n c l.) . Bedding in  the ridges dips (20-B0®) consistently away from the 

Mesozoic massif.

To the west o f Mt Genuardo the Lower Miocene limestones form the 

Serra Lunga ridge (Plate 3 .1 ) from UB 319733 to ÜB 352748. To the north 
they form the ridge of Costa del Conte (Plate 3.2) (UB 353774 toUB 368768) 
and the upland areas from Cozzo Parrino (UB 324762) to Bufalo (UB 382760) 
along with the ridge to the immediate south o f Contessa Entellina (between 

UB 383770 and UB 406771) and the upland areas to its  east from UB 415780 

to UB 443756. F in a lly , to the east o f Mt Genuardo, the limestones are
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poor ly  exposed, forming a number o f  poorly defined upland areas to the 

southwest o f  Bisaquino and north o f  G iu l ia n a  between UB 446744 to  

UB 433723.

At Mt C a r d e l l i a  the l imestones are  we l l  exposed and form a south 

fac ing  c l i f f  f e a t u r e  (between UB 532819 and UB 555813) which caps an 

Upper Oligocene a r g i l l a c e o u s  sequence (a lso  we l l  exposed) below (P la t e  

3 . 5 ) .

3 . 1 . 2  Previous Work

There is  no work which deals wi th  these p a r t i c u l a r  l imestones in  

any d e t a i l .  Daina (1 9 6 5 ) ,  Blondeau e t  a l ,  (1972) and Mascle (1973 ,  1979) 

b r i e f l y  descr ibe  the succession a t  Mt C a r d e l l i a .  Mascle (1973,  1979) 

p a r t i a l l y  maps the e x te n t  o f  Lower Miocene g la u c o n i t i c  sandy l imestones  

(h is  " s e r ie  greso-g laucon ieuse")  in  southwest S i c i l y  and very b r i e f l y  

describes the succession a t  B a t t e l l a r o  and Serra Lunga. Other works 

which r e f e r  to  these rocks g e n e ra l ly  incorpora te  more extens ive  areas and 

s t r a t i g r a p h y  and are  u s u a l ly  o f  a s t r u c t u r a l  i n t e r e s t .  They include  

those works l i s t e d  under "Previous Work" f o r  the Upper Oligocene l im e 

stones (Sect ion  2 . 1 . 2 ) ,  to g e th er  w i th  Checchia R ispo l i  (1911) Roccat t i  

(1911) and Castany (1 956 ) .  Elsewhere in western S i c i l y ,  Lower Miocene 

g la u c o n i te  bear ing  rocks have f e a tu r e d ,  w i th  v a r i a b le  e x t e n t ,  in  the  

works o f :  G.G. Gemmela r o  (1859,  1902),  M. Gemmellaro (1912,  191 4 ) ,

F l o r i d i a  (1 9 3 1 ) ,  Jacobacci  ( 1 9 5 5 ) ,  Marchet t i  (1 9 5 6 ) ,  Ruggieri  ( 1 9 5 7 , 1 9 5 9 ) ,  

Accordi ( 1 9 5 8 ) ,  Campisi (1 9 5 8 ) ,  Colacicchi  (1 9 5 8 ) ,  Schmidt di Friedberg  

(1959,  196 2 ) ,  Schmidt di  Friedberg e t  a l ,  ( 1 9 60 ) ,  Broquet (1962 ,  1964,  

1968,  1970,  1 9 7 2 ) ,  Broquet g t  aZ.  (1 9 6 3 ) ,  Duee (1965,  1969) ,  Wezel (1966,  

1967,  1969,  1970) and Broquet & Duee (1 967 ) .

3 . 1 . 3  S t r a t i g r a p h i e  Nomenclature

The Lower Miocene g la u c o n i t i c  l imestones o f  western S i c i l y  have 

been a t t r i b u t e d  to  d i f f e r e n t  formations by d i f f e r e n t  authors.  Marchet t i  

(1956) and F lo res  (1959) place them in  the A l i a  and Tavernola Formations;  

Colacicchi  (1958) and Campisi (1958) put them in  the Geraci Formation;  

Schmidt di  F r ied b erg  e t  a l ,  ( I 9 6 0 )  place them in  the Collesano Formation;  

w h i ls t  Schmidt di Fr iedberg (1962) includes them in  the B o n i  fa  to Formation.
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The depos its  are included in  the " f lysch  o l ig o ce n e -a q u i tan ia n "  of  

Accordi ( 1 9 5 8 ) ,  the ' i n i te  a rg i lo -g re s e u se "  of Schmidt di Fr iedberg  

( 1 9 5 9 ) ,  and the " s e r ie  greso-glauconieuse" of  Mascle (1973 ,  1979).

Schmidt di  Fr iedberg  (1952) describes and defines the Boni fato  

Formation (from Mt Bon i fa to  near Alcamo, 40 km to the nor th -northwest  

of the study a rea )  to  inc lude Upper Oligocene and Lower Miocene l im e 

stones,  a r g i l l a c e o u s  l imestones and g la u c o n i t i c  l imestones.  The author  

then recognised the l a t e r a l  extension of th is  formation to inc lude  

Lower Miocene g la u c o n i t i c  l imestones from the Sicani  Mountains. This 

l a t e r a l  extens ion  was agreed by Blondeau e t  a l ,  (1972) and in  sub

sequent works by Mascle (1973 ,  1979).  Inc lus ion  of  the Lower Miocene 

g l a u c o n i t i c  sandy l imestones in the Bonifato  Formation is  th e re fo re  

accepted here .

3 .1 . 4  C o r r e l a t io n

Previous p u b l ic a t io n s  a l l  agree on a Lower Miocene (A q u i tan ian -  

B u rd ig a l ia n )  age f o r  these g la u c o n i t ic  sandy l imestones though they  

r a r e l y ,  i f  e v e r ,  give  t h e i r  reasons fo r  t h i s .  At Mt C a r d e l l i a  there  

is  a th ic k  {c , 210 m), continuous, well exposed Upper Oligocene to  

Lower Miocene succession which has y ie lded  an abundant and d iverse  

p la n kto n ic  and benthonic f o r a m in i f e r a l  fauna useful  in  dating the suc

cession p r e c i s e l y .  Blondeau e t  a l ,  (1972) provide an extensive  faunal  

l i s t  from t h i s  l o c a l i t y .  The i r  lower 40 m consists  o f  greyish marls 

th a t  have y ie l d e d  a fauna o f :  G lo h ig e r in a  r o h r i ,  G, venezuelana^ G, c f .

s e l l i i ^  G, o ip e ro e n s is  a n g u l i s u t u r a l i s .  G, o ip e ro e n s is  a n g u s t iu m b il ic a ta ^  

G, c f .  p r a e b u l lo id e s , G lo h ig e r in a  sp. ,  G lo h ig e r in i t a  d i s s im i l i s ,  G, 

un icava, G lo h o ro ta l ia .  opirna opirna, G, opirna nanoj P u l le n ia  c f .  b u l lo id e s ^  

S t i lo s to m e l la  c f .  v e r n e u i l i ,  C ib io id e s  sp. ,  G yro id ina  sp.,  U v ig e r in a  c f .  

r u s t i c a ,  U, havccnensis^ B o l iv in a  sp.,  L e n t io u l in a  sp . ,  P la n u l in a  sp.,  

E l l ip s o g la n d u l in a  m u l t ic o s ta ta ,  P le u ro s to m e lla  sp. and P. c f .  b re v is .  

Above are  60 m o f  grey green grey red sandy marls conta in ing: G lo h ig e r in a  

r o h r i ,  G, venezuelana, G. c f .  s e l U i ,  G, gr .  o ip e ro e n s is ,  G, o ip e ro e n s is  

a n g u s t iw n b i l io a ta ,  G lo h o ro ta l ia  opirna opirna, G, opirna nana, Glob%ger%mta 

d is s i r r r i l i s ,  G, un icava , P u l le n ia  h u l lo id e s ,  Sphaero id ina  c f .  b u l lovdes ,  

P la n u l in a  c f ,  r e n z i ,  C ib io id e s  sp.,  U v ig e r in a  c f .  r u s t io a ,  U v ige r ina  sp..
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S t i lo s to m e l la  v e m e u i l i ,  S, v e m e u i l i  p a u o ia t r ia t a  and E l l ip s o g la n d u l in a  

m u l t io o s ta ta .  These beds are o v e r la in  by 40 m of  marls and sands with  

some beds o f  g l a u c o n i t i c  sandy l imestones conta in ing  G lo h ig e r in a  

venezuelana, G, gr .  o ip e ro e n s is ,  G. c f .  p ra e h u l lo id e s ,  G lo h ig e r in i t a  

d i s s i m i l i s ,  G. un ioava , G lo h o ro ta l ia  gr .  opirna, G. opima nana, P u l le n ia  

h u l lo id e s ,  S p hae ro id ina  c f .  h u l lo id e s ,  P la n u l in a  c f .  r e n z i ,  U v ig e r in a  c f .  

r u s t io a ,  U v ig e r in a  sp. ,  P le u ro s to m e lla  sp. ,  S t i lo s to m e l la  , S. v e m e u i l i ,  

B o l iv in a  sp . ,  V u lv u l in a  sp inosa  and V u lv u l in a  sp.

The f i r s t  two assoc iat ions  Blondeau e t  a l .  (1972) a t t r i b u t e  to  

u n d i f f e r e n t i a t e d  Oligocene but the t h i r d  is  said to be i n d i c a t i v e  o f  an 

Upper Oligocene -  Lower Miocene (A qu i tan ian)  age. The r e l a t i v e  abund

ance of  G. venezuelana,  G. o ip e ro e n s is  and G. r o h r i  in the lower assoc

i a t i o n  may suggest t h a t  they too are o f  Upper Oligocene age ( S t a in f o r t h  

e t  a l .   ̂ 1 975 ) .  Capping th is  sequence are massive g la u c o n i t ic  l imestones  

which y ie l d e d  N e p h ro le p id in a  and Miogypsina  c f .  g u n te r i  a t  the base, and 

N e p h ro le p id in a  and M io le p id o o y c l in a  c f .  h u rd ig a le n s is  a t  the top which 

i n d ic a t e  a Lower Miocene (middle Aqui tanian -  lower B u rd iga l ian )  age 

(Blondeau e t  a l . ,  1972).

In the reg ion  o f  Mt Genuardo n e i t h e r  Blondeau e t  a l .  (1972) or  

Mascle (1 973 ,  1979) l i s t  any fauna from the grey mudstones and marls in  

the area although they assign them to the Oligocene.  In the over ly ing  

g la u c o n i t i c  sandy l imestones,  however, Mascle records a fauna of  L e p id o -  

o y o l in a  (N e p h r o le p id in a )  sp . ,  S p iro o ly p e u s  sp . ,  O p e ro u lin a  sp . ,  H e te ro -  

s te g in a  s p . ,  A m p h is te g in a  sp. and M io g y p s in a  c f .  g lo h u l in a  which he as

cr ibes  to  the Lower Miocene.

In t h i s  work a fauna of  common to abundant M io g y p s in a  along with  

( in  decreasing p ro por t ions )  L . ( N e p h r o le p id in a ) ,  A m p h is te g in a , H e te ro -  

s te g in a ,  O p e ro u lin a ,  E o t a l ia ,  L . ( E u le p id in a ) ,  S p iro o ly p e u s  and S p h a e ro -  

g y p s in a  has been i d e n t i f i e d  from the g la u c o n i t i c  sandy l imestones through

out t h e i r  outcrop but e s p e c i a l l y  in  the Mt Genuardo area.  This assoc

i a t i o n  d i f f e r s  s i g n i f i c a n t l y  from t h a t  found in  the Cha t t ia n  l imestones 

described in  the previous Chapter in  conta in ing  common to abundant 

M io g y p s in a .  As s ta te d  p rev ious ly  (Sect ion 2 . 1 . 4 ) .  M io g y p s in a  i s  known to
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range from C h a t t ian  in to  the Lower Miocene (Beggren,  1 9 7 1 ) ,  becoming 

abundant on ly  in  Lower Miocene t imes.  The abundant M io g y p s in a  re c 

orded he re ,  t h e r e f o r e ,  suggests a Lower Miocene age f o r  the  sandy 

g l a u c o n i t i c  l imestones .

3.2  S t r a t i g r a p h i e  Sect ions

Four sect ions  through the Lower Miocene g la u c o n i t i c  sandy l im e 

stones are descr ibed and i l l u s t r a t e d  here to c h ara c te r is e  the widespread 

f a c ie s .  F igures g iv e  d e scr ip t ions  o f  macrofac ies ,  m icro fac ies  and d i a 

genesis ;  and the  pos i t ions  o f  samples used in geochemical ana lys is  o f  

g la ucon i tes  are  a lso  in d ic a te d .  P lates  i n d ic a t e  the l i n e  o f  measured 

sect ion .

Three o f  the  fo u r  sections are s i t u a t e d  in the Mt Genuardo area  

(see l o c a t i o n  map. F ig .  1 . 5 )  on the Mt Genuardo s t r u c tu r a l  s t r a t i 

graphie  u n i t  (Sect ion  1 . 3 ) :  Serra Lunga, Costa del Conte and B a t t e l l a r o .

These th re e  l o c a l i t i e s  are  re p re s e n ta t iv e  o f  the succession in  t h e i r  

immediate a r e a ;  they i l l u s t r a t e  v a r i a t io n s  and/or  consis tenc ies in  the  

succession throughout the Mt Genuardo a rea ;  have a r e l a t i v e l y  th ic k  

succession; show extens ive  local  exposure w i th  favourable  weathering  

c h a r a c t e r i s t i c s ;  they  are a cc e ss ib le ,  both to  the l o c a l i t y  and through 

the s t r a t i g r a p h y  ; and they are widespread in geographic d i s t r i b u t i o n  

thus g iv in g  widespread re fe rence  l o c a l i t i e s  f o r  t h is  u n i t .

The fo u r t h  s e c t io n ,  Mt C a r d e l l i a ,  is s i tu a ted  18-20 km to the NNE 

on the Mt Barracu-M t Colomba s t r u c t u r a l  s t r a t i g r a p h i e  u n i t  (Catalano & 

D'A rgen io ,  1978,  1981; see also section  1 . 3 ) .  This l a s t  s t r a t i g r a p h i e  

section is presented here to f a c i l i t a t e  comparison in  l i t h o l o g i e s  between 

the two s t r u c t u r a l  s t r a t i g r a p h i e  un i ts  supposedly (Catalano A D Argenio,  

1978) s i t u a t e d  r e s e p e c t iv e ly  a t  the southern edge and in  the  centre  o f  

the S icani  Basin in  Lower Miocene t imes.  Moreover, the Mt C a rd e l l i a  

sequence ranges conformably from Oligocene in to  Lower Miocene and f a c i l  

i t a t e s  comparison w i th  the  Upper Oligocene s t r a t a  to the south described  

in Chapter 2.

The p o s i t io n s  of  the four  l o c a l i t i e s  a re  ind ica ted  on the outcrop
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M AC R O FA C IES

0-39.5m. Alternating indurate and semi- 
indurate silver grey and yellow brown 
sandy limestones with a common glauconite 
content. Beds have poorly defined bound
aries. Indurate beds (0.15-0.3m) are 
generally thinner than semi-indurate 
beds (0.25-1.Im). The sequence is well 
exposed at the trackside where the 
section was measured but it is otherwise 
poorly exposed along the Serra Lunga 
ridge.

M ICRO  FACIES

A sequence composed predominantly of sandy 
limestones with some calcareous sandstones 
(definitions as in section 3.3.3b) in the 
5-15m interval. The rocks are poorly sorted 
with most grains in the medium to coarse 
sand size but fine sand and very coaurse 
samd and granule size grains aure present. 
Quartz forms 35-80% of grains it is present 
as rounded to well rounded uni-crystal line 
mediisn and coarse sand size grains with 
subequal amounts of straight and strained 
extinction. Quartz depletes rapidly over 
the upper 13m. Allochems form 16-60% of 
grains. The allochem suite is dominated by 
Globigeriniids which are common throughout 
becoming abundant in the upper 13m. Other 
allochems aure represented by common medium 
to fine sand size fragnents of benthonic 
foraminifera of probable Miogypsina, 
L.(Nephrolepidina) and Heterostegina/- 
Operculina origin, common Amphistegina, 
Rotalia, small Rotalliids, echinoid, algal 
and bivalve debris and some Textulauriids. 
Glauconite reç«resents 2-20% of grains, it 
is most common in the lower 26m and rapidly 
depletes over the upper 13m. It is present 
mostly as medium to fine grain size green 
pellets and as opaque infills to some 
benthonic foraminifera fragments.

D IA G E N E S IS

Two periods of cement (periods 1 and 2 
section 5.3.2) completely fill pore space 
throughout these rocks. Both cements are 
composed of clear non-ferroan calcite. In 
areas rich in allochems the first period 
cement is represented by syntaxial over
growths on echinoid grains forming sub- 
poikilotopic textures with the neighbouring 
grains; by syntaxial elongate and bladed 
crystals on bivalve fragments and some 
benthonic foraminifera and by small equi- 
dimensional crystals on Globigeriniid sub
strates. In the same areas the second 
period cement forms further overgrowths on 
echinoid grains and blocky and granular 
mozaic pore filling spars elsewhere. In 
areas rich in quartz and glauconite pore 
lining spars do not exist, pore space is 
filled by large {600 microns) crystals of 
calcite believed to belong to the second 
period. Since quartz forms 35-80% of grains 
and glauconite 2-20% in these sediments, 
most pore space is filled by this last 
cement. Compaction is not a prominent 
feature in these rocks but is, neverthe
less, pwesent throughout the succession and 
represented by the pressure solution of 
carbonate grains against eachother and 
against glauconite and quartz; pressure 
solution of glauconite against other 
glauconite grains and against queurtz; and 
the pressure solution of quartz grains 
against quartz sometimes associated with 
fracturing and straining in the grain.

Figure 3.1 Serra Lunga measured stratigraphie section.
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m a c r o f a c ie s

23-50m. Alternating indurate ana semi- 
indurate silver grey sandy limestones with 
a minor glauconite content poorly exposed 
along the length of the Costa del Conte 
ridge, well bedded in 0.15-0.95m beds. 
Indurate beds are, in general, thinner 
(0.15-0.4m) than the semi indurate beds 
(0.2-0.95m).

0-23m. well indurated light grey calcaren- 
ites with common glauconitised grains 
(appearing with a black, green or orange 
brown colouration on the limestone surface) 
inxlerately well exposed along the length of 
the Costa del Conte ridge. Well bedded in 
0.15-0.4m beds with some marl inter
calations 0.1-0.3m thick in the lever 4m.

MICROFACIES

23-50*. A sequence composed mostly of sandy 
limestones with a few calcareous sandstone 
(definitions, section 3.3.3b) beds in the 
30-38* interval. The rocks are moderate to 
well sorted. Quartz forms 50-70% of grains, 
it is fine to medium sand size commonly 
rounded-subrounded all uni-crystalline 
showing subequal amounts of straight and 
strained extinction. Allochems form 30-50% 
of grains and are composed mainly of medium 
and fine sand size fragments of benthonic 
foraminifera of probable Miogypsina, 
L.(Nephrolepidina), Spiroclypeus and 
Heterosteqina/Qpercu 1 ina origin along with 
common ecbinoio, algal and bivalve debris 
and some whole Amphistegina, Rotalia, 
Textulariids and Globigerini ids. Glauconite 
in the form of green pellets and foramini- 
ferid infills is depleted from the under
lying beds forming 1-5% of grains.

0-23*. Bioclastic grainstones with a 
variable 1-20% (mostly 1-10%) glauconite 
content and 0-5% (mostly 0-1%) quartz sand 
content. Sorting is poor, grainsize in the 
medium sand to granule size, and allochems 
abundant often abraded composed of common 
Amphistegina, Miogypsina, L.(Nephrolepi
dina), Heterosteq ina/ (Jperculina fragments 
and echinoid and algal fragments”along with 
some spiroclypeus, Rotalia, Sphaerogypsina, 
Victorie11a L.(Eulepidina) fragments, 
Textulariijs, Globigeriniids, bivalve and 
bryozoan fragments, peloids and wackestone 
intraclasts. Glauconite occurs mostly as 
opaque, orange brown and light to mioderate 
green infills to foraminiferid chambers and 
echinoid micropores; and less cormonly as 
moderate to dark green pellets.

DIAGENESIS

0-50*. The same two periods of cement 
described from Serra Lunga (Pi^re 3.1) are 
present at this locality filling all pore 
^>ace. compaction is also represented by 
the same features. In the coarse grained 
glauconitic limestone facies compaction is 
a prominant feature (where the first period 
cement does not for* a thick rim resulting 
in a rigid framework) resulting in redis
tribution of grains and common pressure 
solution between grains.
23-50*. Pore space surrounded by quartz 
grains is filled by single large crystals 
of calcite. Pore lining spars and centre- 
petally enlarged spars fill pwe space 
formed by allochems. All cements are non

0-23mi. Pore lining spars and centrepetally 
enlarged mozaics fill pore space in this 
facies. In the lower 12m the pore lining 
spars (period 1 cement) may be thick and 
result in preventing compaction. Above 12m 
the spar is thin and compaction common. The 
spar is non ferroan except where it forms 
thick syntaxial overgrowths on echinoid 
grains where it is zoned non-ferroan/- 
ferroan calcite. The pore filling spar 
(period 2 cement) may be ferroan or non 
ferroan in the lower 10m. Above 10m it is 
non ferroan throughout.

Figure 3.2  Costa Del Conte measured stratigraphie section
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M A C RO FACIES

13-49m. Alternating indurate and semi- 
indurate silver grey and yellow brown 
sandy limestones with minor glauconite 
content well exposed in the track side 
but moderately to poorly exposed elsewhere 
in the hills around the measured section. 
Beds have poorly defined boundaries. 
Indurate beds aure in general thinner 
(0.1-0.5m) than the semi-indurate beds 
(0.3-1.0m).

0-13m. Well indurated dark grey green
glauconitic calcarenites with common
quaurtz grains well bedded in beds of 
0.2-0.9m. Well exposed in the track
cutting where the section was measured, 
but poorly exposed elsewhere in the
neighbouring hills.

M ICRO FACIES

13-49m. A sequence composed mainly of 
moderate-well sorted calcaureous sandstones 
with some sandy limestones (definitions, 
section 3.3.3b) at horizons throughout. 
Quaurtz forms 50-90% of grains and fine to 
medium samd size, rounded to subrounded, 
unic^stalline, showing subequal amounts of 
straight and strained extinction. Allochems 
form 5-50% of grains composed mainly of 
medium to fine samd size fragments of 
benthonic foraminifera of probable Mio
gypsina, L.(Nephrolepidina) and Hetero- 
steqina/Operculina origin along with 
echinoid, algal and bivalve debris and some 
Textulariids, Amphistegina . Rotalia, small 
Rotalliids and peloids. Glauconite in the 
form of green pellets (forming 1-5% of 
grains) is much depleted from the under
lying beds.

0-13m. Bioclastic grainstones with a 5-20% 
glauconite content and a 10-15% quaurtz 
content. Sorting is moderate to good with 
grains in the medium to very coarse sand 
size range. Allochems form 70-80% of grains 
and are composed of common Amphistegina, 
Rotalia, Textulariids and fragments only of 
L.(Nephrolepidina), L.(Eulepidina),
Miogypsina and Heterostegina/C^rculina and 
echinoid, algal and bivalve debriswith 
some Globigeriniids.

DIAG ENESIS

0-49m. The same two periods of cenent 
described from Serra Lunga (Figure 3.1) are 
present throughout the succession at this 
locality. Compaction is also represented by 
the same features plus common fracturing of 
bivalve fragments. Compaction is however 
less prominant at this locality because of 
the high quartz sand content of the rocks 
and their finer grainsize.

13-49m. The sandy limestone facies contains 
large quantities of quartz sand and there
fore pore space is commonly filled ky large 
crystals of non-ferroan calcite forming 
subpoikilotopic textures.

0-13m. In the glauconitic limestone facies 
allochem grains form 70-80% of grains and 
therefore pore lining spars and pore 
filling granular and blocky mozoaics are 
common. The first period cement (pore 
lining spar) is composed of non-ferroan 
calcite except where it forms wide syn
taxial overgrowths on echinoid grains where 
it contains up to 5 zones of non-ferroan 
and ferroan calcite. The second period 
canent (pore filling spars) is composed of 
ferroan calcite throughout the facies.

Figure 3 .3  Battellaro measured stratigraphie section.
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DIAG ENESIS

■73rl26m. The periods of cement
described fçon^^ra Lunga (Figure 3.1) are 
present ,bere. Single crystal pore filling 
cements ̂ e  not present due to the paucity 
:Pf gpartz in this succession. Granular 
mozoaics fill pore space where Globiger- 
iniids occur.,Where foraminiferal fragments 
sur^Qkind a pore ^ c e  well defined pore 
lining jpars occur and the pore space is 
filled by a^pen^epetally enlarged blocky 
mozaic. The 'firsA period cement (pore 
lining .spar) is non-ferroan throughout the 
suog^ion except where it is represented 
by ^ d é  syntaxial overgrowths on echinoid 
grains in the glauconitic limestone facies. 
The overgrowths then show non-ferroan/- 
ferrpan calcite zones. The second period 
Jurent (pore filling spar) is non-ferroan 
thrto^xSut the succession. Compaction is 
notaprominant feature and is represented 
by m^fof pressure solution contacts between 
grains and fracturing of grains.

^t8ju€e3344 «Mt.Da0^1 lia 'metasureri vstfat^yajphic^pecUpri
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map. Figure  1 .5 .  The l o c a l i t i e s  a re ,  as fo l lows:

1) Serra Lunga. S t ra t ig ra p h ie  sec t ion .  Figure 3 .1 ;  l o c a l i t y  
photograph, P la te  3 .1 .

The measured section is s i tu a ted  5.5  km due north o f  Sambuca 

at  UB 350747. I t  takes the form of  a cut t ing  a t  the side of  a rough 
farm t ra c k .

2) Costa del Conte. S t ra t ig ra p h ie  sect ion .  Figure 3 .2 ;  

l o c a l i t y  photograph, P la te  3 .2 .

The measured section is s ituated 8 km north northeast o f  Sambuca, 

4 km west southwest o f  Contessa E n te l l in a  at  UB 358770. I t  was measured 

on the s teep,  south fa c in g ,  slope o f  Costa del Conte adjacent to a mule 

track  transgressing t h is  slope.

3) B a t t e l l a r o .  S t ra t ig ra p h ie  section .  Figure 3 .3 ;  l o c a l i t y  

photograph. P lates 3 .3  and 3.4 .

The measured section is s i tua ted  2 km due east o f  Contessa 

E n t e l l i n a  a t  UB 424774. The section takes the form o f  a track  cut t ing  

immediately west o f  the B a t te l la ro  fo r t re s s .

4) Mt C a r d e l l i a .  S t ra t ig ra p h ie  section.  Figure 3 .4 ;  l o c a l i t y  

photograph, P la te  3 .5 .

The measured section is s ituated  17 km northeast o f  Mt Genuardo 

(around which sections 1-3 are po s i t io n ed ) ,  6 km southeast of  Corleone 

a t  UB 539813 ( lower  part  of  the succession) and a t  UB 533818 (upper 

p a r t ) .  The measured section is dog-legged as indicated in P la te  3 .5 .

3.3  Facies

3 .3 .1  In t ro d u c t io n

In  the Mt Genuardo area ,  two f a c ie s ,  recognisable in the f i e l d ,  

in rocks previously  regarded as a s ingle  u n i t  (Mascle,  1973, 1979,  

Catalano & D'Argenio ,  1978),  are d is t inguished by t h e i r  glauconite and 

quartz  sand content respect ive ly .  They are termed here the "g lauconi t ic
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l imestone fac ies"  and the "sandy l imestone fa c ie s " .  The former char

a c ter ises  the  lower part  and the l a t t e r  the upper p a r t  o f  the suc

cession.  The fa c ies  d i f f e r  in g ra in  s i z e ,  allochem assemblage and 

diagenes is ,  as wel l  as in t h e i r  g lauconi te  and quartz sand content.

At Mt C a r d e l l i a ,  the sandy l imestone fac ies  is not seen. There 

the g la u c o n i t ic  l imestone fac ies  is o v e r la in  by l imestones which in  

other  respects (al lochems, low glauconi te  content,  and diagenesis ) ,  

are s i m i l a r  to the sandy l imestone fac ies  but they contain l i t t l e  or  

no quartz  sand. Because o f  t h e i r  s i m i l a r i t y ,  they are considered 

together  w i th  the sandy limestone fac ies  here.

3 .3 .2  G la u c o n i t ic  Limestone Facies

a) Macrofacies: In the Mt Genuardo area the fac ies has a

thickness o f  13-27 m and is found in a l l  the Lower Miocene outcrops 

(except the Serra Lunga r idge) where i t  forms the lower p a r t  of  the 

succession.  The fac ies  rests with apparent conformity on dark grey 

mudstones, s i l t s to n e s  and marls of  Upper Oligocene age (see Section

3 . 1 . 4 )  as can be seen a t  an inaccessib le  c l i f f  in the Costa del Conte 

r id g e ,  and which can be in fe r red  by the proximity o f  Upper Oligocene 

marl outcrops in the B a t te l l a r o  area .  The fac ies  i s ,  in tu rn ,  con

formably o v e r la in  by sediments o f  the sandy limestone fac ies .

At Mt C a r d e l l i a  the fac ies  is 31 m th ic k  and rests conformably 

on a sequence o f  dark grey mudstones and marls with in te rc a la t io n s  of  

g la u c o n i t ic  s i l t s t o n e s  and f in e  sandstones, a l l  o f  Upper Oligocene -  

Lower Miocene (Aqui tanian)  age (see Section 3 . 1 . 4 ) .  The fac ies  is  

conformably o v e r la in  by a non-sandy equivalent  o f  the sandy limestone  

f a c ie s .

At both Mt Genuardo and Mt C ard e l l ia  the limestones are dark 

green, grey brown in colour ,  wel l  bedded in beds 0 .1 - 1 . 2  m but most 

commonly 0 . 2 - 0 . 6  m th ic k .  At Costa del Conte and Mt C arde l l ia  the 

lower beds are separated by in te rc a la t io n s  of  s o f t  marls 0 .0 2 -0 .3  m 

th ic k ;  in  the upper parts and elsewhere the in te rca la t io n s  are absent. 

Cross bedding is  seen in only the one bed which marks the base o f  the
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g la u c o n i t ic  l imestone fac ies  a t  Mt C a r d e l l i a .  No macrofauna has been 

found. Trace f o s s i l s  (burrows) have been found and i l l u s t r a t e d ,  but 

only from Mt C a r d e l l i a  (by Daina,  1 965).

b) M icro fac ies:  The fac ies  (P lates  3 .6 - 3 . 1 9 )  is represented

by b i o c la s t i c  grainstones with a v a r ia b le  (1-70%, mostly 10-25% of  

gra ins)  g laucon i te  content and minor (0-15%, mostly < 1%) quartz con

t e n t .  Sort ing var ies  from good to poor (see Figs 3 .2  to 3 .4 )  and 

roundness var ies  with  gra in  type as described below. Where sor t ing is  

good gra in  s ize  l i e s  w i th in  the medium and coarse sand s ize s ,  sometimes 

extending in to  very coarse sand s ize  (P la te  3 .1 6 ) .  Where sort ing is  

poor b io c la s ts  are only s l i g h t l y  abraded and the gra in  s ize  o f  the 

rock is  d ic ta te d  by the fauna present (P la te  3 . 6 ) .  However, gra in size  

r a r e ly  extends beyond granule (4 mm) s ize .  Usua l ly ,  glauconite  occurs 

evenly dispersed in the sediment but a t  Mt C a r d e l l i a ,  on a few occas

ions,  i t  is  concentrated in 10-30 mm horizons where i t  can form 90% o f  

the g ra in s .

M icro fac ies  is s im i la r  a t  the three l o c a l i t i e s  where the fac ies  

is  recognised.  However, v a r ia t io n  in the glauconite  and quartz sand 

content,  and in  the type o f  allochems, does occur between l o c a l i t i e s  

(compare Figs 3 .2  to 3 .4 )  and e sp ec ia l ly  between the l o c a l i t i e s  in the 

Mt Genuardo area and Mt C a rd e l l ia .

The occurrence and petrography o f  g lauconite  found in th is  facies  

is described in Sections 6.2 and 6 .3 .  Glauconite p e l le ts  are most ab

undant a t  Mt C a r d e l l i a ,  where they consis tent ly  form 10-25% o f  g ra in s ,  

(P la tes  3 .1 8 ,  3 . 1 9 ) ,  sometimes concentrated to 50-70% in th in  10-30 mm 

horizons ( P la t e  3 .1 6 ) .  In the Mt Genuardo area ,  a t  B a t t e l l a r o ,  glaucon

i t e  forms 5-20% o f  grains (P la te  3 . 1 3 ) ,  and at  Costa del Conte 1-20% 

mostly 1-10% and mostly as i n f i l l i n g s  to benthonic fo ra m in i fe r id  cham

bers ( P la t e  3 . 8 ) .

Quartz is most common in the succession in the Mt Genuardo area.  

At B a t t e l l a r o  i t  consis tent ly  forms 10-15% of  grains (P lates  3 .1 0 .  3 .11)  

whereas a t  Costa del Conte i t  forms 0-5% mostly 0-1%. At Mt Carde l l ia
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however, quar tz  is very uncommon forming less than 1%, usual ly much 

less than 1%, o f  gra ins .  Quartz throughout the fac ies  is always 

present as u n i c r y s t a l l i n e  grains showing almost equal amounts of  

st ra ined  and s t r a ig h t  e x t in c t io n .  Shape and grain  s iz e ,  however, 

vary between l o c a l i t i e s .  At Costa del Conte most quartz is f in e  sand 

s ize  and rounded-subrounded, some is subangular. At B a t te l la ro  most 

quartz  is medium to coarse sand s i z e ,  some is very coarse (up to

1 .2  mm); i t  is mostly rounded-subrounded, some is  subangular (P lates  

3 . 1 0 - 3 . 1 3 ) .  F i n a l l y  a t  C a rd e l l ia  where quartz is scarce i t  is very 

f i n e  to f i n e  sand s ize  and angular-subangular.

Figures 3 .2  to 3 .4  ind ica te  the r e l a t i v e  abundances of  the 

allochems a t  each measured section.  At Costa del Conte sort ing  is  

poor and allochems are  a t  t h e i r  most abundant (P la tes  3 .6 - 3 . 9 )  and 

represented by common, o ften abraded, Am phistegina, Miogypsina^ 

H ephvolepid inay  echinoid and algal  fragments and H e te ro s te g in a / 

O perou lina  fragments,  along with some b ivalve  fragments,  T e x t u la r i id s ,  

R o ta lia y  S p iroo lypeus^ E u le p id in a  fragments,  fe n e s t ra te  bryozoans,  

G lo b ig e r in i id s  and rare  Sphaerogypsina, peloids and wackestone i n t r a 

c la s ts .  At B a t t e l l a r o  (P lates 3 . 1 0 - 3 . 1 3 ) ,  however, R o ta lia ,  Amphi

s te g in a  and T e x t u la r i id s  are prominent members o f  a s im i la r  assemblage 

and the l a r g e r  benthonics such as N ephro lep id ina , E u le p id in a , M io

gyps ina  and H e te ros teg ina /O p e ra u lina  are represented by fragments only.  

At Mt C a r d e l l i a  (P la tes  3 .1 4 -3 .1 9 )  G lo b ig e r in i id s ,  small R o t a l l i i d s ,  

Nodosariids and T e x t u la r i id s  are more common and the la rg e r  benthonics 

are represented mostly by fragments.

c) Diagenesis:  carbonate diagenesis throughout the Lower

Miocene l imestones is described in Section 5 .3 .  I t  is the same at  a l l  

l o c a l i t i e s  and represented by cementation and compaction. Two periods 

of cement are  developed and these d i f f e r  from the sandy l imestone facies  

in being commonly formed o f  ferroan c a l c i t e .  Compaction is common and 

represented by g ra in  r e d is t r ib u t io n  or  ro ta t io n  gra in  f ra c tu re  and pres

sure so lu t ion  between grains.  As well  as carbonate diagenesis ,  wide

spread g la u c o n i t i s a t io n  of  carbonate grains is present in th is  fa c ie s ,  

and d e a l t  w i th  more f u l l y  in Chapter 6.
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3 .3 . 3  Sandy Limestone Facies

a) Macrofacies: This fac ies  is  found in the Mt Genuardo area

but not a t  Mt C a r d e l l i a .  I t  forms the e n t i r e  r idge and measured

section a t  Serra Lunga and the upper par t  o f  the succession at  Costa 

del Conte and in the B a t te l l a r o  area. In the other  upland areas to

the north and east o f  Mt Genuardo, the fac ies  is present but poorly

exposed. At Serra Lunga the fac ies  reaches i t s  greatest thickness - 

39 m. Elsewhere,  a t  B a t te l l a r o  and Costa del Conte i t  is 36 m and

27 m th ic k  re s p e c t iv e ly .  Where seen (Costa del Conte and B a t t e l l a r o ) ,  

the contact  w i th  the underlying g la u co n i t ic  fac ies  is  sharp and non- 

eros iona l .  The change from one fac ies  to the other  is abrupt without  

t r a n s i t i o n  beds.

The fa c ie s  is  represented by a l t e rn a t in g  indurate and semi- 

indura te  0 .1 5 -1 .1  m beds o f  s i l v e r  to yel low brown coloured sandy l im e 

stones ( P l a t e  3 . 4 ) .  Bed boundaries are poorly defined but s t r a ig h t .  

Cross bedding is  seen in four  beds a t  Serra Lunga. Macrofauna and 

trace  f o s s i l s  a re  absent.

At Mt C a r d e l l i a ,  on top o f  the g la u co n i t ic  l imestone f a c ie s ,  are  

21 m o f  wel l  bedded ( 0 . 2 - 0 . 6  m beds) grey coloured ca lcaren i te  l im e

stones,  which also have a sharp non-erosional  contact with the glaucon

i t i c  f a c i e s ,  contain no cross beds and no macrofauna or  trace  fo s s i l s .

b) M ic ro fa c ie s :  The fac ies  is characterised by sandy l ime

stones (where combined quartz and g lauconite  is equal to less than 50%

bulk composition o f  the rock) and calcareous sandstones (quar tz plus

glaucon i te  more than 50%). The f i r s t  represent most of  the succession 

at Serra Lunga and Costa del Conte, w h i ls t  the l a t t e r  predominate at  

B a t t e l l a r o .  Both sediments contain no matrix and are gra in supported. 

G e n e ra l ly ,  the microfac ies a t  Costa del  Conte and B a t te l l a ro  are sim

i l a r ,  but these two d i f f e r  from th a t  found at  Serra Lunga.

At Costa del Conte (P la tes  3 .2 0 .  3 .21)  and B a t te l l a ro  (Plates  

3 . 2 2 - 3 . 2 4 ) .  the sediments are moderate to wel l  sorted. Quartz forms 

50-70% o f  gra ins a t  Costa del Conte and 50-90% a t  B a t te l la r o .  The 

fac ies  is represented throughout by mainly f i n e ,  sometimes medium sand
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s iz e ,  rounded to subrounded, sometimes subangular g ra in s ,  a l l  u n i 

c r y s t a l l i n e  with subequal proportions showing s tra ined and s t ra ig h t  

e x t in c t io n  (P la tes  3 . 2 0 - 3 . 2 4 ) .  Allochems form 30-50% of grains at  

Costa del Conte and 5-50% a t  B a t t e l l a r o .  At both l o c a l i t i e s  they 

are represented by small (medium to f i n e  sand s ize )  fragments of  

benthonic fo ra m in i fe ra  o f  probable M io g y p s in a , N e p h ro le p id in a  and 

H e te ro s te g in a /O p e ra u lin a  o r i g i n ,  along with algal  and echinoid debr is ,  

b iva lve  fragments and some T e x t u la r i id s  with occasional  A m p h is te g in a ,  

G lo b ig e r i n i i d s ,  small R o t a l l i id s  and pelo ids.  Glauconite forms 1-5% 

o f  gra ins  a t  both l o c a l i t i e s .  I t  is represented by p e l le ts  on ly ,  of  

f i n e  to medium sand s ize  (Sections 6.2 and 6 . 3 ) .

In c o n t ra s t ,  a t  Serra Lunga (P lates 3 .2 5 -3 .2 7 )  the sediments

have moderate to poor sort ing and are coarser grained.  Quartz forms 

35-80% o f  g ra in s .  I t  is represented mostly by medium to coarse sand 

s ize  rounded to wel l  rounded gra in s ,  a l l  uni crys ta l  1ine with equal 

proport ions of  s t ra ined  and s t ra ig h t  e x t in c t io n  (P lates  3 .2 5 - 3 . 2 7 ) .  

Allochems form 16-60% of  gra ins.  G lob ig er in i ids  are the predominant 

f e a tu re  o f  the  allochem s u i te :  they are common throughout the succes

sion and become abundant in the upper 13 m. Other allochems include  

those l i s t e d  f o r  Costa del Conte and B a t t e l l a r o ,  present in s im i la r  

proport ions.  Glauconi te  forms 2-20% o f  gra ins.  I t  is  represented 

mostly by p e l l e t s  o f  f in e  to medium sand s iz e ,  along with some benth

onic  f o r a m i n i f e r i d  i n f i l l s  (Sections 6.2  and 6 .3 ) .

The l imestones present at  C a rd e l l ia  (P lates  3 .2 8 -3 .30 )  are  

grainstones throughout,  well sorted and o f  medium sand s ize  gra ins.  

Quartz forms less  than 1% of  g ra in s ,  represented by f in e  sand s ize  

angular to subangular-subrounded un icrysta l  1 ine s t r a ig h t  ex t in c t io n  

gra in s .  Glauconite  p e l le ts  form 0.5-3% mostly 0.5% o f  grains.  A l l o 

chems are  represented by common, equal proportions o f  G lo b ig e r in i id s ,  

echinoid fragments,  b iva lve  fragments,  red algal  fragments and foram

i n i f e r i d  fragments most probably o f  H ete ros teg ina /O perau lina , Mio

gypsina  and N ephro lep id ina  o r ig in  along with  some small R o t a l l i i d s ,  

T e x t u l a r i i d s ,  Nodosari ids,  and Am phistegina.

The r e l a t i v e  abundance o f  G lo b ig er in i id s  and the fragmentary



68

nature o f  the la r g e r  benthonic fo ra m in i fe ra  present in these well  

sorted rocks,  which contain l i t t l e  g laucon i te ,  show more s i m i l a r i t i e s  

with  the sandy l imestone fac ies  than the g la u co n i t ic  l imestone fac ies .  

They also show s im i l a r  diagenesis to the sandy l imestone fac ies  but 

both d i f f e r  from the g la u c o n i t ic  l imestone f a c ie s .  Because of t h e i r  

s i m i l a r i t y ,  the l imestones are taken to represent a non-sandy equiv

a le n t  to the sandy l imestone fac ie s .

c) Diagenesis: Cementation and compaction are common and wide

spread. Two periods o f  cement, as found in the g la u co n i t ic  l imestones,  

are present here.  Unl ike the g la u co n i t ic  l imestones,  however, they are 

always formed o f  non-ferroan c a l c i t e .  By v i r t u e  o f  the g rea te r  amount 

of  quartz  in th is  f a c ie s ,  f i r s t  period pore l i n in g  cements are rare  and 

pore spaces are commonly f i l l e d  by a s ing le  crysta l  o f  second period 

cement. Compaction is represented by the same features as the glaucon

i t i c  l imestone fa c ie s  but i t  is  less prominent,  probably as a re s u l t  of  

i t s  f i n e r  g ra in  s ize  ( f i n e  to medium sand s ize )  or  in some cases i t s  

predominant quartz  gra in  composition o f f e r in g  resistance to pressure 

so lu t ion  (Sect ion 5 . 3 . 3 ) .

3 . 3 . 4  Conclusion

In the Mt Genuardo area ,  two fac ies  are dist inguished in the 

f i e l d  by t h e i r  glauconi te  and quartz sand content. They are here termed 

the g la u c o n i t ic  l imestone fac ies  and the sandy l imestone fa c ie s ,  and 

re s p e c t iv e ly  occupy the lower and upper parts of  the succession. At Mt 

C a r d e l l i a  the sandy l imestone fac ies  is not seen but a non-sandy equiv

a le n t  to th is  fa c ie s  o v e r l ie s  the g lau co n i t ic  l imestone facies there.

The g la u c o n i t ic  l imestone fac ies  rests conformably on Upper 

Oligocene a rg i l la ce o u s  rocks. The microfacies d i f f e r s  in the Mt Genuardo 

area to t h a t  found a t  Mt C a rd e l l i a .  Around Mt Genuardo quartz is more 

common and g laucon i te  less common and represented by both p e l le ts  and 

benthonic f o r a m in i f e r id  i n f i l l s .  The allochem su i te  in th is  area is 

dominated by whole and fragmentary l a r g e r  benthonic fo ram in i fe ra .  At 

Mt C a r d e l l i a  quartz  is present in only minor proportions (< ^%) and 

g la u co n i te ,  present in only p e l l e t  form, is  much more abundant (up to
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70% o f  g r a in s ) .  The allochem s u i t e ,  in  co n tras t ,  contains common 

G l o b ig e r i n i i d s ,  small R o t a l i i d s ,  Nodosariids and T e x t u la r i id s  which 

are  seen in only  minor q ua nt i t ies  in the Mt Genuardo area. At both 

Mt Genuardo and Mt C a rd e l l ia  the l imestones are grainstones of  medium 

to coarse sand s iz e .  Diagenesis is s i m i l a r ,  represented by two per

iods o f  cementation,  plus compaction and g la u co n i t is a t io n  of  carbonate 
gra in s .

The sandy l imestone fac ies  rests with  sharp non-erosional  con

t a c t  on the g la u c o n i t ic  l imestone fac ies  without intermediate  t rans 

i t i o n  beds. The fac ies  is found only in the Mt Genuardo area and comp

r ises  g ra in  supported rocks with  50-90% quartz grains which are mainly  

f i n e  sand s ize  and rounded to subrounded in shape. Glauconite is much 

less common than in the underlying fa c ie s .  I t  is not auth igenic ,  and 

is  probably reworked from underneath. The allochem su i te  is s im i la r  to 

th a t  found in the g la u c o n i t ic  l imestone fa c ie s .  However, G lob ig er in i ids  

are more common ( e s p e c ia l ly  at  Serra Lunga) and other  fo ram in i fera  are 

represented in a more fragmentary form by medium to f in e  sand s ize  grains  

Diagenesis is  represented by cementation and compaction the same as in  

the underlying fac ies  but ferroan c a l c i t e  cements are not seen. At Mt 

C a r d e l l i a ,  l imestones with a s im i la r  glauconi te  content,  allochem sui te  

and diagenesis represent a non-sandy equivalent  to th is  fac ies .

3 .4  Deposit ional  Environment

3 .4 .1  G laucon i t ic  Limestone Facies

Moderate water turbulence in these sediments is evidenced by: 

the abraded and fragmentary form o f  the allochems in gra in supported 

rocks which lack  m a tr ix ;  the general moderate sort ing  and non-rounding 

of  al lochems; the l i g h t  abrasion o f  some allochems and preservat ion of  

the d e l i c a t e  tes ts  o f  G lo b ig e r in i id s ,  Nodosariids and T e x t u r a r i i d s ; and 

the presence o f  only one cross bedded u n i t  in the whole study area.

Normal s a l i n i t i e s  are indicated by the general predominance of  

hyal ine  calcareous fo ram in i fera  (Section 2 .5 . 3 )  espec ia l ly  in the Mt 

Genuardo area. A more open marine environment than th a t  in fe rred  fo r
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the Upper Oligocene limestones (Chapter 2) is indicated by the presence 

of  G lo b ig e r in i id s  (Funnel 1 , 1 967; Haynes, 1981).

Cool bottom temperatures are suggested by common Amphistegina 

and R o ta lia  and by the  poor development of  a marine p o re - l in ing  cement 

(Sect ion 2 . 5 . 4 ) .  Deposit ion near the oxygen minimum zone is indicated  

by a l t e r n a t i n g  fe rroan c a l c i t e / c a l c i t e  zones in echinoid overgrowths 

of  such cement (Sect ion 5 . 3 . 2 ) .

S he l f  water depths o f  80-250 m are indicated by the predominance 

of  hya l ine  calcareous foram in i fera  composed of  a s im i la r  associat ion  

(conta in ing  M iogypsina , N eph ro lep id ina , H e te ros teg ina , O peroulina, 

A m phisteg ina, R o ta lia ,  S p iroc lypeus  and E u le p id in a )  to th a t  found in 

the Upper Oligocene limestones (Sect ion 2 . 4 . 2 b ) .  However, the more com

mon presence o f  T e x t u la r i id s  along with some Nodosariids as well as 

G lo b ig e r in i id s  might suggest (Funnel 1 , 1967; Haynes, 1981) tha t  the en

vironment was s i tu a te d  at  the deeper end o f  th is  80-250 m depth range 

and t h a t  the  area was in an outer  shel f  pos i t ion .  Furthermore,  the  

g re a t e r  abundance o f  Nodosari ids,  T e x t u la r i id s  and G lob ig er in i ids  at  Mt 

C a r d e l l i a  r e l a t i v e  to Mt Genuardo suggests th a t  water depths are greater  

in the former area and indicates  a deepening trend towards the northeast.

F i n a l l y ,  slow sedimentation ra te  is  indicated by the deposit ion  

o f ,  a t  the most, 60-80 m g la u co n i t ic  limestones in the Lower Miocene 

(Blondeau e t  a l .  (1972) record a maximum thickness of  75 m in the 

Corleone a r e a ) ,  whereas the Numidian Flysch of the same age is up to 

2500 m t h ic k  (Wezel,  1975b).

Evidence from the sediments, th e re fo re ,  is in agreement with the  

environment in fe r r e d  from the g lauconite  (discussed a t  length in Section 

6 . 6 ) :  moderately t u r b u le n t ,  normal sa l ine  cool waters around the oxygen

minimum zone a t  depths o f  80-250 m, with  slow sedimentation ra te .

3 .4 .2  Sandy Limestone Facies

The sandy l imestone fac ies  ( inc luding the non-sandy equivalent in 

the Mt C a r d e l l i a  succession) represents a general deepening o f  the
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environment in the area .  This is suggested by: the r e l a t i v e  abundance

of G lo b ig e r in i id s  in th is  fac ies  compared with  the g laucon i t ic  l ime

stone f a c ie s ;  and by the genera l ly  smaller s ize  of the allochems, v/hich 

are on average medium to f i n e  sand s ize .  The general f i n e  sand s ize  

of the quartz  grains cannot be used as an environmental index since 

th is  is probably inher i ted  from the source rock (see fo l low ing  Section) .

The r e l a t i v e  abundance of G lob ig er in i id s  ( in  comparison with 

benthonic f o r a m in i f e r a )  is dependent on a number of  fac tors  as Haynes 

(1981) points ou t ,  and abundance need not increase proport ionate ly  with  

depth.  However, when taken in account with other fa c to r s ,  i t  is pos

s ib le  to associate  t h e i r  abundance with depth. Consequently the common 

presence of T e x t u la r i id s  and some Nodosariids along v/ith the smaller  

gra in  s ize  of  the sediment possibly suggest greater  depths,  though none 

of these fe a tu re s  would i f  they were considered in is o la t io n .  Fur ther 

more, the o v era l l  s i m i l a r i t i e s  between the allochem suites of  the two 

f a c ie s  (compare Figures 3.1 to 3 . 4 )  suggests tha t  the amount of  deepening 

was not g r e a t ,  and outer shelf  water depths were s t i l l  maintained.

Moderate water turbulence in th is  fac ies  is  indicated by the pres

ence of moderately sorted,  abraded and fragmentary but non-rounded 

allochems in grain-supported rocks which lack matrix  and which also show 

the preservat ion  of d e l ic a t e  tests  of G lo b ig e r in i id s ,  Nodosariids and 

T e x t u l a r i i d s .  The te x ture  of the quartz sand, which is  abundant in th is  

fac ie s  in  the Mt Genuardo area cannot be used as an index of  deposit ional  

environment since i t  is  believed to be inher i ted  from the source rock 

(see fo l lo w in g  Sec t ion ) .

The temperature,  s a l i n i t y  and ox idat ion of the environment cannot 

be p re c is e ly  in fe r red  because of the r a r i t y  of whole benthonic fauna.

The environment, however, must have been oxid is ing  since some unabraded, 

and apparently  i n  s i t u  benthonic formain i fe r a  are present.  The sparsity  

of th is  fauna may be due to depressed temperatures and/or s a l i n i t i e s  as 

a r e s u l t  of  the increased water depth.

Glauconite  in th is  fac ies  is der ived,  and presumably reworked from
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the underlying fa c ie s  where i t  is  au th igen ic .  The cessation of glaucon

i t e  formation may be the r e s u l t  of s trongly  ox id is ing  condit ions or 

depressed temperatures and/or s a l i n i t i e s .  Increased sedimentation ra te  

associated with the i n f l u x  of quartz sand is not the cause since the 

g la u c o n i t i s a t io n  process does not continue in to  the upper part  of the 

Mt C a r d e l l i a  succession where l i t t l e  quartz sand is found.

3 .4 .3  Conclusions

Evidence from the sediments of  the g laucon i t ic  l imestone facies  

suggests an environment in agreement with tha t  required fo r  the glaucon

i t i s a t i o n  process (Section 6 .6 ) :  moderately tu rb u le n t ,  normal s a l in e ,

cool waters around the oxygen minimum zone with slow sedimentation rates  

a t  the deeper end of the 80-250 m depth range. The sediments also i n 

d ic a te  a general nor theaster ly  deepening trend from Mt Genuardo to Mt 

Carde l l i a .

The over ly ing  sandy limestone fac ies  represents greater  water  

depths in the area in an environment which is otherwise moderately 

tu r b u le n t ,  o x id is ing  with slow sedimentation rates and possibly dep

ressed temperatures and s a l i n i t i e s .  The cessation o f  the g la u c o n i t is 

a t io n  process in th is  fac ies  may be due to s trongly  ox id is ing conditions  

or depressed temperatures and/or s a l i n i t i e s .

F i n a l l y ,  the general deepening trend recorded in the succession 

may be the r e s u l t  of  the Lower Miocene transgression well  documented in 

the cen t ra l  Mediterranean area from southern I t a l y  ( S e l l i ,  1957; Afchain,  

1966; Bonardi e t  a l .  , 1971; Ogniben, 1973),  southeast S i c i l y  (C o lac icchi ,  

1963), Malta  (Bennett ,  1979, 1980),  and Tunisia (Castany, 1955).  A 

Lower Miocene transgression is also known worldwide (Hallam, 1963).

3 .5  Regional Set t ing

The g la u co n i t ic  sandy limestones described here l i e  w ith in  the 

confines o f  the Sicani  trough (Section 1 . 4 ) .  Mt Genuardo is situated a t  

the southern margin of  th is  trough (Catalano & D'Argenio,  1978) and has had 

a h is to r y  from l a t e  T r iass ic  t imes,  o f  s h e l f ,  slope and basinal sediment

a t io n .  Mt C a r d e l l i a ,  however, is s i tuated towards the centre o f  the
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trough and has been the s i t e  of  pe lagic /hemipelagic  deposit ion from the 

Middle T r ia s s ic  onwards. Both areas were the s i t e  of  deep water ( p e l 

agic)  a rg i l la ce o u s  rocks in Upper Oligocene times (Mascle,  1973, 1979; 

Catalano & D'Argenio,  1978, 1981).  The trough is bounded to the south 

by the Saccense Carbonate Platform and to the north by the Trapanese 

Carbonate Pla tform (F ig .  1 .4 ) .

Lower Miocene g laucon i t ic  sandy limestones form a blanket of  

sediment over these three palaeogeographic units and pass northwards 

in to  the Upper Oligocene -  Lower Miocene Numidian or Nebrodean Flysch 

of the Imerese Basin (Wezel, 1966, 1969, 1970, 1975a; Broquet, 1968,

1970, 1972; Mascle 1970, 1973, 1979; Catalano & D'Argenio,  1978).  

Southwards, the sediments presumably eventua l ly  pass in to  the carbon

ates of  the North A fr ican  Platform as seen in southeast S i c i l y  (Rigo & 

B a r b ie r i ,  1959; Co lac icch i ,  1963; Di Grande e t  a l . ,  1977; Pedley, 1981) 

and the Maltese islands (Pedley,  1975, 1978; Pedley e t  a l . ,  1976;

Bennett ,  1979, 1980);  or in to  she l f  fac ies sandstones as seen in Tunisia  

(Wezel , 1968, 1970).  In Tunisia continenta l  sandstone fac ies  in the 

south pass northwards into  she l f  sandstone f a c ie s ,  the outer par t  of  

which contains g laucon i te ,  and which passes s t i l l  northwards in to  slope 

fac ies  Numidian Flysch (Wezel, 1968, 1970).  The Lower Miocene glaucon

i t i c  l imestones described here occupy a s im i la r  posit ion between s h e l f  

(Maltese is lan d s )  and slope (Numidian Flysch) fac ies  and show inf luences  

of both a carbonate s h e l f  (the lower g laucon i t ic  l imestone fa c ies )  and 

a terr igenous c l a s t i c  slope (the upper sandy limestone fa c ie s ) .

There is  a d i f fe re n ce  of opinion on the source area fo r  the 

Numidian Flysch. Broquet (1968, 1970, 1972) ,  Caire (1970) and Mascle 

(1970,  1973, 1979) claim that the f lysch was derived from the north,  with  

i t s  source in a hypothetical  outcrop of sandstones o f  the Permo-Triassic 

Verrucano Formation.  This source explains the high mineralogical  and 

te x tu ra l  m a tu r i ty  of  the f lysch which is represented by o r tho q u ar tz i tes 

or quartz  a re n i te s  and which are u n l ike ly  to be formed by the d i re c t  ero

sion of c r y s t a l l i n e  basement present in the area as represented by the 

P e lo r i ta n i  mountains. Both Broquet and Mascle suggest tha t  the Trapani 

Platform ( t h e i r  V ica r i  Zone) acted as a b a r r ie r  to the southward trans

port  o f  th is  sand except when i t  was occasional ly  allowed to s p i l l  over
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in to  the Sicani  Basin ( t h e i r  Cammarata Zone) where g lauconi t ic  l ime
stones were being deposited.

In c o n t r a s t ,  Wezel (1970,  1975a & b) claims tha t  the f lysch had 

i t s  source area in the south, in continenta l  sandstones of the Saharan 

Platform,  and th a t  i t  represents g ra in f low ,  slump and t u r b i d i t y  current  

deposits a t  the base of  the Afr ican continenta l  r i s e .  Wezel argues 

tha t  the m inera log ica l  and tex tu ra l  m atur i ty  of  the f lysch sands (which 

are composed o f  90-95% u n ic r y s t a l l i n e  rounded quartz grains mostly of  

f i n e  sand s ize  and with frosted textures and some of  coarse sand to 

granule s ize  w i th  only 5-10% matr ix )  is inher i ted  from a source of dune 

and interdune sands in the Nubian Sandstone of the Saharan c raton ic  

landmass. This souther ly  source is also suggested by palaeocurrent  

d i re c t io n s  towards the north and by a northward t ra n s i t io n  in northern 

S i c i l y  from very coarse proximal sandstones through f in e  proximal sand

stones o f  submarine fan o r ig in  in to  d is t a l  graded sandstones o f  near

axis trough deposit ion (Wezel, 1970, 1975a & b ) .  Furthermore,  Wezel 

(1970) ru les  out the hypothetical  Verrucano source since such sandstones 

c h a r a c t e r i s t i c a l l y  contain metamorphic rock fragments and feldspars  

l i k e l y  to be preserved in the resedimented f lysch; and Wezel (1975a) 

points out th a t  there was probably a palaeo-high between the f lysch and 

the proposed lo ca t io n  of  the Verrucan source, thus in h ib i t in g  a south

ward t ra n s p o r ta t io n  of  the sediment.

The sandy limestones described in th is  work show many features  

t y p ica l  of  the sands o f  the Numidian f ly sc h .  The quartz throughout is 

composed o f  u n ic r y s t a l l i n e  grains of  f in e  sand s ize  and rounded-sub

rounded shapes wi th  some well  rounded coarse sand. There are no rock 

fragments,  fe ldspars  or matr ix .  Moreover, t h e i r  outcrop only in the 

Mt Genuardo area passing northeastwards in to  a l imestone equivalent  at  

Mt C a r d e l l i a  suggests tha t  the source o f  the sand was in the south to  

southwest and the re fo re  agrees with Wezel's (1970,  1975a & b) Saharan 

source. Furthermore,  the presence of  g lauconi t ic  l imestones with a u th i 

genic g laucon i te  requires slow sedimentation rates u n l ike ly  to be pro

duced i f  the passage of  the f lysch in to  the Imerese Basin was d i r e c t l y

from the south.
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I t  is  suggested here (F ig .  3 .5 )  tha t  g la ucon i t is a t ion  took place 

on the c re s t  o f  the a lready  p o s i t ive  western S i c i l y  Bridge.  Catalano &

D Argenio (1978) ind ica te  tha t th is  area became p os i t ive  in end Lower 

Miocene, post Burdiga l ian times. However, the (superposit ion of  Lower 

Miocene g la u c o n i t ic  limestones of  s h e l f  depths on basinal  Upper Oligocene 

arg i l la ceo u s  rocks dates th is  u p l i f t  e a r l i e r ,  as terminal  Ol igocene/  

e a r l i e s t  Miocene). Cross currents on th is  p o s i t ive  area may have in h ib 

i te d  sedimentat ion,  caused reworking,  and therefore  created an environ

ment conducive f o r  g la u co n i t is a t io n  (Section 6 . 6 ) .  To the east of  the 

area ,  in c en t ra l  S i c i l y ,  the g laucon i t ic  limestones pass in to  deeper 

water deposits o f  the Sicani  Basin (Catalano & D'Argenio,  1978) which 

possibly widens in to  a p ro to -C a l tan isse t ta  Basin (F ig .  1 .3 ) .  To the 

west deep water sediments (dark c lays) and Numidian Flysch were being 

deposited in the Sicani  Trough (the Piana degli  Albanesi s t ru c tu ra l  

s t r a t i g r a p h i e  u n i t  o f  Catalano & D'Argenio, 1978, outcropping in the 

Trapani -  Alcamo a re a ) .  The greater  abundance of  G lo b ig e r in i id s ,  Nodo- 

s a r i id s  and T e x t u la r i id s  a t  Mt C arde l l ia  r e l a t i v e  to Mt Genuardo sug

gests th a t  Mt C a r d e l l i a  was s ituated  in a s l i g h t l y  deeper environment 

than Mt Genuardo. Given the pos it ion  of the two outcrops, th is  suggests 

th a t  Mt C a r d e l l i a  was s ituated  down the eastern slope of  the Western 

S i c i l y  Bridge whereas Mt Genuardo was s ituated on the c res t  and most 

l i k e l y  towards the western side of  the c res t ,  thus al lowing sands of  the

Numidian Flysch to i n f i l t r a t e  the area although these sands did not cross

the c re s t  in to  the eastern side of  the Sicani Trough.

3.6  Conclusions

The limestones described in th is  Chapter form part  of  a more ex

ten s iv e ,  though fragmented,  outcrop o f  Lower Miocene g lauconi t ic  l ime

stones in western S i c i l y .  The rocks have been previously regarded as a 

s ing le  u n i t ,  but two d i s t i n c t i v e  fac ies  are recognised here: a glaucon

i t i c  l imestone fac ies  and a sandy limestone fa c ie s .  The former,  found 

throughout the study area ,  rests conformably on Upper Oligocene a r g i l 

laceous rocks and contains abundant authigenic glauconite p e l le t s .  The 

l a t t e r ,  found only in the Mt Genuardo area ,  rests with sharp non-eros-  

ional  contact on the g lauconi t ic  limestone fac ies  and contains sparse 

reworked g lauconi te  p e l le ts  and much quartz .  At Mt C a rd e l l ia  th is  fac ies
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is represented by l imestones with sparse rev/orked glauconite but l i t t l e  
to no q uar tz .

In the g la u c o n i t ic  l imestone fa c ie s  the sediments ind ica te  a 

deposi t iona l  environment in agreement with tha t  concluded from the a u t h i 

genic g lauconi te  (Chapter 6):  moderately tu rb u le n t ,  normal s a l in e ,  cool

waters around the oxygen minimum zone with slow sedimentation ra te  in 

the deeper p a r t  of the 80-250 m depth range. Furthermore,  the greater  

abundance of G lo b ig e r in i id s ,  Nodosariids and T e x tu la r i id s  a t  Mt C arde l l ia  

r e l a t i v e  to the Mt Genuardo area indicates a s l i g h t  increase in water  

depth in th a t  area ,  and therefore  a nor theaster ly  deepening trend.

The over ly ing  sandy limestone fac ies  represents greater  water  

depths in the area ,  possibly the r e s u l t  of the well-documented, arguably 

world-wide.  Lower Miocene transgression.  The environment is otherwise  

moderately t u rb u le n t ,  ox id is ing ,  with slow sedimentation rates and pos

s ib ly  depressed temperatures and s a l i n i t i e s .  The cessation of a u t h i 

genic g laucon i te  growth may be due to strongly oxid is ing conditions or 

depressed temperatures and/or s a l i n i t i e s .

This succession,  which over l ies  Upper Oligocene deep water a r g i l 

laceous d epos i ts ,  dates u p l i f t  of the Western S i c i l y  Bridge as terminal  

Oligocene -  e a r l i e s t  Miocene. Prev iously,  e a r l i e s t  u p l i f t  was recorded 

as Lower Miocene, post Burdigal ian age. When considered in a regional  

context ,  i t  is  envisaged th a t  the g laucon i t ic  limestones formed a blanket  

of sediment on the cres t  of  the palaeo-high forming the Western S i c i l y  

Bridge, covering the palaeogeographic units  of the Saccense Carbonate 

Platform,  Sicani  Basin and Trapanese Carbonate Platform. Cross currents  

sweeping over th is  palaeo-high reduced sedimentat ion,  caused reworking,  

and so created an environment conducive f o r  g la u c o n i t is a t io n .  Northwards,  

the sediments grade into  the Numidian Flysch of the Imerese Trough (F ig .  

3.5B) ;  southwards they presumably pass in to  carbonates or sandstones of  

the North A fr ic a n  s h e l f ,  and therefore  the sediments occupy an outer  

sh e l f  p o s i t io n .  Eastwards, down the slope of  the Western S i c i l y  Bridge 

the sediments grade in to  deep water deposits.  Westwards they pass into  

deposits of  the Numidian Flysch.
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F i n a l l y ,  the quartz of  the sandy limestone fac ies  is s im i l a r ,  

in gra in s i z e ,  roundness and c rys ta l  composition,  to sands described  

from the Numidian Flysch by Wezel (1970),  which suggests tha t  i t  has 

the same source.  The presence of sand a t  Mt Genuardo but not a t  Mt 

C a r d e l l i a  agrees with the southern der iva t io n  of  the f lysch from the 

Saharan Platform,  proposed by Wezel (1970, 1975a & b ) .
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C H A P T E R  4

DESCRIPTIVE PALAEONTOLOGY

4.1 C o ra l l in e  Red Algae

4 .1 .1  In t roduct ion

C o ra l l in e  red algae (Rhodophycophyta ),  represented by members of 

the Melobesioidea,  form a s ig n i f i c a n t  part  (20-50%) of  the a lgal  rhodo- 

l i t h i c  fac ie s  described in Chapter 2. Despite t h e i r  common occurrence,  

algae from th is  area have not previously  been described or i l l u s t r a t e d .  

Blondeau e t  a l .  (1972) and Mascle (1973,  1979) use only the general term 

"Lithothamnees" (Adey & MacIntyre ,  1973) or i d e n t i f y  some algae as 

S u b te r rc c n ip h y llu m  th o m a s i, a d i s t i n c t i v e  form ( E l l i o t t ,  1957) not id e n t 

i f i e d  here.

This study adopts the palaeobotanic taxonomic framework used by 

Johnson (1961a) and outl ined by Wray (1977),  c la s s i fy in g  the Family  

Coral 1inaceae in to  two subfamil ies:  Cora l l ino idea  ( a r t i c u la t i n g  forms,

not found in southwest S i c i l y )  and Melobesioidea (crustose forms). Des

c r i p t i v e  terminology f o r  the tha l lus  is taken from the works of  Johnson 

(1961a),  Wray (1977) and Poignant (1979) where the terms are defined.

Diagnostic  g en er ic - leve l  c r i t e r i a  used to id e n t i f y  f o s s i l  c o r a l 

l ines  are  l i s t e d  by Wray (1977).  I d e n t i f i c a t i o n  to species level  requires  

well  preserved m a t e r ia l ,  accurate or fo r tu i to u s  sectioning,  observations 

on the growth form and a rch i tec tu re  of  the t h a l l u s ,  and accurate measure

ments of  c e l l  and reproduct ive  s t ructure  dimensions. There is no comp

rehensive reference monograph and taxonomic descr ipt ions are scattered in 

the l i t e r a t u r e .  Moreover, features used to character ise  species may 

f re q u e n t ly  be environmental ly contro l led  (Johnson & Adey, 1965; Wray, 1977; 

Poignant, 1980).  Precise taxonomic i d e n t i f i c a t i o n  is there fore  d i f f i c u l t  

and of ten  uncer ta in .

I d e n t i f i c a t i o n  of the southwest S i c i l y  Melobesioidea is based on
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comparison with published descr ipt ions of T e r t i a r y  m ater ia l ;  shape and 

a rc h i te c tu r e  of  the th a l lu s ;  dimensions of the hypotha l l ic  and p e r i -  

t h a l l i c  c e l l s ;  and shape and s ize  of  the reproduct ive s tructures .

Species leve l  i d e n t i f i c a t i o n  is r e s t r i c t e d  to the best preserved mat

e r i a l ,  d is p la y in g  most, i f  not a l l ,  the morphological features necessary 

fo r  precise i d e n t i f i c a t i o n .  Nevertheless,  e ig h t  species of Melobesioidea 

are described and i l l u s t r a t e d ,  fo r  the f i r s t  t ime, from the Upper 

Oligocene of southwest S i c i l y ,

Major d e s c r ip t iv e  accounts of T e r t i a r y  Coral l inaceae used for  com

parison include: Johnson (1957, 1961b, 1962a & b, 1963, 1964, 1965a &

b ) ,  Johnson & Adey (1965) ,  Johnson & F e r r is  (1949),  Johnson & Kaska 

(1965) and Johnson & Tafur (1952).

4 .1 .2  Systematic Palaeontology

Phylum RHODOPHYCOPHYTA Papenfuss 1946 

Syn. RHODOPHYTA l^Jettstein 1901 

Class RHODOPHYCEAE Ruprecht 1851 

Order CRYPTONEMIALES Schmitz, in Eugler 1892 

Family CORALLINACEAE (Lamouroux) Harvey 1849 

Subfamily MELOBESIOIDEA in Johnson 1957 

Genus ARCHAEOLITHOTHAMNIUM Rothpletz 1891 

Arahaeolithotharm ium  saipanense Johnson

Plates 4 . 1 - 4 . 6

1957 Arahaeolithotharm ium  saipanense Johnson, pp. 217,220,  p i .  38,
f i g s  1 -4 ,  6.

1 965b Arahaeolithotharm ium  saipanense Johnson; Johnson, p. 265,
p i .  2, f i g .  1.

1980 Arahaeolithotharm ium  saipanense Johnson; Bennett, pp. 77 ,78,
pis 2 .28 .  1-2,  2 .29 .  1-2.

D ia g n o s is  (Compiled from Johnson 1957, 1965b).  A species of  A ra h a e o -  

l i th o th a m n iu m  character ised by near ly  square p e r i t h a l l i c  c e l l s  regu lar ly  

arranged to form a boxwork p a t te rn ,  and by r e l a t i v e l y  large  c lo se ly  

packed narrow e l l i p s o i d a l  sporangia arranged in (commonly repeated) layers
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D e s c r ip tio n .  Thallus 0 .5 -7  mm (commonly 0 . 5 - 1 . 5  mm) th ick  with f requently  

developed protuberances or branches (up to 5 mm long and 1-2 nm d i a . ) .  

Hypothallus th in  (15-30 y ) ,  simple m u l t i - la y e re d  type formed of 3-5 rows 

of c e l l s  (12-17 y t a l l ,  by 10-12 y wide) .  P e r i t h a l l i c  t issue regu lar ly  

ordered,  both v e r t i c a l l y  and h o r i z o n ta l ly  though prefe rred c a l c i f i c a t i o n  

of the v e r t i c a l  wal ls of ten gives a threaded appearance. The c e l ls  are 

rectangu lar  to square (8-16 y t a l l ,  by 8-12 y wide) .  Sporangia frequently  

numerous, concentrated in protuberances,  c lo se ly  packed in layers and 

often repeated v e r t i c a l l y .  They are e l l i p s o i d a l ,  may be narrow or bul

bous and are 80-120 y t a l l  by 45-70 y diameter.

Remarks. The general  appearance of the t issue and growth habi t  of  th is  

alga is  very s im i l a r  to  A. in term edium  (R a in e r i ,  1923; described and i l 

lu s t ra ted  in Johnson, 1965b) and n u m m lu lit ic u m  ((Gumbel) Rothpletz ,  

1891; described and i l l u s t r a t e d  in Johnson, 1961b, 1962a; Johnson & Kaska, 

1965),  but i t  d i f f e r s  in smaller c e l l  s ize  and dimensions of sporangia.

The t issue  is  s im i la r  ( in c e l l  and sporangia dimensions and boxwork form) 

to A. s o c ia h ile  (Lemoine, 1939; described and i l l u s t r a t e d  in Johnson, 

1965b) but d i f f e r s  in the presence of protuberances and m ul t ip le  layers of 

c lo se ly  packed sporangia seen in  A. saipanense  to which i t  is ascribed.

A. saipanense  has previously  been described from the Eocene of Saipan 

(Johnson, 1957; the Upper Eocene to Middle Oligocene of Borneo (Johnson, 

1965b); and the Upper Oligocene of the Maltese islands (Bennett,  1980).

Occurrence. Common in seventeen th in  sections from Nadorello east as the 

i n i t i a l  alga of  a rh o d o l i th ,  or encrusting L ith o p o re lla  m elohesio ides  and 

often encrusted by Lithotham nium  aggregatum  or Mesophyllum vaughan ii some

times a f t e r  fragmentation .

Genus LITHOTHAMNIUM Ph i l ip p i  1837 

Lithotham nium  aggregatum  Lemoine

Plates 4 .7 - 4 .1 0

1939 Lithotham nium  aggregatum  Lemoine, pp. 6 6 ,6 7 ,  p i . 1,  f i g .  12,
p i .  3,  f i g s  3 ,4 ,  t e x t - f i g .  27.

1957 Lithotham nium  c f .  aggregatum  Lemoine; Johnson, pp. 220,221,
p i .  40, f ig s  2 ,4 .

1965b Lithomnium aggregatum  Lemoine; Johnson, p. 266.
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D iagnosis  (compiled from Lemoine, 1939; and Johnson, 1965b). A species 

of  L itho tha rm iw n  character ised by (commonly superimposed) th in  t h a l l i  

300 to 600 u t h i c k ,  composed of  a prominent hypothallus and threaded 

p e r i t h a l lu s  with c e l l  dimensions of:  (hypothal lus) 15-22 y long by

9-13 y wide and ( p e r i t h a l l u s )  10-22 y t a l l  by 8-13  y wide. Conceptacles 

as y e t  undescribed.

D e s c r ip tio n ,  T h a l l i ,  200-600 y th ic k .  Hypothal lus multi  l a y e red , 50-80 y 

th ick  formed of c e l l s  15-22 y long by 10-12 y wide.  P e r i th a l lu s  is 

threaded with c e l l s  10-21 y t a l l  by 9-14 y wide.  Conceptacles (350 y 

d ia .  by 110-130 y t a l l )  are uncommon and form a r e l i e f  on the surface of  

the p e r i t h a l l u s .

Remarks. The alga is s im i la r  in growth hab i t  to other th in ,  non-branch

ing,  simple crustose forms l i s t e d  in Johnson (1957,  1961b) and Johnson & 

Kaska (1965) (namely: L. a b ra rd i,  L. andrusovi^ L. b o u rc a r t i,  L. c a ra -

v e lle n s e , L. c r is p i th a l lu s ^  L. cym b icrus ta , L. e n g e lh a r t ii^  L. exiguum,

L. fum igatum, L. fu n a fu tie n s e , L. grahami^ L. ladronicvm^ L. le p tim ,

L. lic h e n o id e s , L. peleense, L. saipanense, L. s u b t i le ,  L. tagpotchaense, 

L. tanacpagense and L. to ltecensum ) but d i f f e r s  in hypotha l l ic  and p e r i 

t h a l l i c  c e l l  and conceptacle dimensions. I t  is  ascribed to L. aggregatum  

in having a l l  the features diagnost ic  o f  th is  species.

L. aggregatum  has previously  been described from the Oligocene of A lger ia  

(Lemoine, 1939) and Borneo (Johnson, 1965b).  L. c f .  aggregatum  is des

cribed from the Upper Eocene of  Saipan (Johnson, 1957).

Occurrence. L. aggregatum  is p o s i t i v e ly  i d e n t i f i e d  in only three th in  

sections from Nadorel lo east but may be present in many more where i t  is 

represented by th in  i n f e r t i l e  t h a l l i  with m u l t i - laye re d  hypothal lus.  I t  

is  found as m u l t ip le  encrustat ions on rhodoli ths o f  L. c f .  marianae and 

M. c f .  vaug han ii.

Lithotham nium  c f .  marianae Johnson 

Plates 4 .1 1 -4 .14

1957 Lithothamnium marianae Johnson, pp. 220,226,  p i .  41,  f igs  1-3.  

1962a L ith o th am iu m  marianae Johnson; Johnson, p. 156, p i .  2,  f igs  2,  3.



D iagnosis  (compiled from Johnson, 1957, 1962a).  A species of L ith o 

tham ium  characte r ised  by a branching th a l lu s  with lensoid growth in  

the p e r i t h a l l i c  t is s u e .  Hypothal lus absent or poorly developed comp

osed of  c e l l s  13-20 u long by 10-12 y wide. P e r i t h a l l i c  c e l l s  10-24 y 

t a l l  by 7 -13  y wide. Conceptacles (270-686 y d i a .  by 135-190 y high)  

abundant.

D e s c r ip tio n .  Thick branches (up to  7 mm long by 5 mm d i a . ;  coimionly

4-6  mm long by 2 - 3 . 5  mm d i a . )  c lo se ly  spaced (5 - 6  irni a p ar t )  on a c ru s t 

ose t h a l lu s  of  0 . 5 - 1 . 5  mm thickness.  The p e r i t h a l lu s  t issue  is  threaded.  

Lensoid growth zones are in f re q u e n t ly  developed, located in f e r t i l e  

branches, not present where these are i n f e r t i l e .  Hypothal lus m u l t i 

layered ,  commonly t h i n ,  formed of  3 -4  rows of c e l l s ,  sometimes r e l 

a t i v e l y  th ic k  formed of 8 -1 2  rows of c e l l s  (13 -21  y long by 10-12 y wide)  

P e r i t h a l l i c  c e l l s  10-22  y t a l l  by 8 -1 3  y wide.  Conceptacles abundant 

( located  in  branches),  350-650 y d ia .  by 120-205 y high.

Eenarks. In i t s  branching h a b i t ,  lensoid t issue  growth, subordinate  

hypotha l lus ,  c e l l  s izes ,  and conceptacle s ize  th is  alga is  s im i l a r  to  

L. na rianae . I t  d i f f e r s ,  however, in  not possessing the pronounced le n 

soid t issu e  growth described and i l l u s t r a t e d  by Johnson (1957,  1962a) 

but does show lensoid t issue growth t h a t  is  remarkably s im i la r  to the 

t i ssue  i l l u s t r a t e d  by Johnson (1962a,  p i .  2 ,  f i g .  3) fo r  L. marianae.

For these reasons i t  is  i d e n t i f i e d  as L. c f .  ra ria n a e  and dis t inguished  

from other  branching species of L ith o th œ m iim  with  lensoid t issue  growth 

(L. la c r o ix i ,  Lemoine, 1917; L. w a llis iia n ,  Johnson & T a fu r ,  1952) by 

c e l l  and conceptacle dimensions.

L. rm rianae  has previously  been described from the Upper Eocene of  Saipan 

(Johnson, 1957) and Sarawak (Johnson, 1962a).

Occuppence. Comnon in 32 thin sections from Nadorello east and probably 
present but not positively identifiab le in a sim ilar number more. Found 
as whole rhodoliths and fragmented branches and on few occasions can be
seen to  encrust krchaeoX itho thaw iium  saipanense.
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Genus LITHOPHYLLUM P h i l ip p i  1837 

L ith o p h y l lw n  o v a t im  (Capeder)

Plates 4 .1 5 -4 .1 6

1900 L ith o th a m iu m  ovatum  Z a^eder i p. 177, p i .  6,  f igs  5a,b.

1926 L ith o p h y l lu m  ova tum  (Capeder); Lemoine, pp. 245-246,  t e x t - f i g .  3.

1933 L ith o p h y l lu m  ova tum  (Capeder) Lemoine; A i r o l d i ,  p. 70, p i .  10.

1957 L ith o p h y l lu m  ovatum  (Capeder) Lemoine; Johnson, p . 228, p i .  43,
f igs  4, 8.

1965b L ith o p h y l lu m  c f .  ovatum  (Capeder) Lemoine; Johnson, p. 271,
{cum. syn . ) .

D ia g n o s is  (compiled from Lemoine, 1926; A i r o l d i ,  1933; & Johnson, 1957).

A species o f  L ith o p h y l lu m  characterised by the development of  thin crusts  

up to 800 y th ic k  containing a prominent c o-ax ia l  hypothal lus 75-320 y 

th ick  of  c e l l s  1 5 -40  y long by 7-14  y th ic k .  P e r i th a l lu s  is layered with  

c e l l s  8 -1 5  y t a l l  by 7-11 y wide and contains f l a t  roofed conceptacles 

210-330  y d ia .  by 95 -130  y high.

D e s c r ip t io n .  Thin crust 200-250 y th ic k .  Coaxial hypothal lus 80-100 y 

t h ic k ,  c e l l s  22-30 y long by 10-15 y th ic k .  P e r i th a l lu s  layered,  c e l ls  

10-15 y t a l l  by 8-12 y wide,  containing one s ing le  pored f l a t  roofed 

conceptacle 340 y diameter by 130 y high.

Rem arks. The alga is s im i la r  in growth hab i t  to other non-branching th in  

crustose forms of  L ith o p h y llu m  l i s t e d  and described in Johnson (1957,

1961b) (namely: L. l in g u s t ic u m , L. p r e l ic h e n o id e s , L. quadra tum , L . racem us, 

L. sam osense, L . s t e f a n in i ,  and L. y e n d o i)  but d i f f e r s  in conceptacle and 

hy p o th a l l ic  and p e r i t h a l l i c  c e l l  dimensions and in the development and 

type of  hypothal lus .  I t  is ascribed to L. ovatum  in having a l l  the f e a t 

ures d iagnost ic  of  th is  species.

L. ova tum  has been previously  described from the Oligocene of northern 

I t a l y  (Lemoine. 1926; A i r o l d i ,  1933),  and Borneo (Johnson, 1965b) and the 

Upper Eocene of Saipan (Johnson, 1957).

O aciœ renoe. Found in only one th in  section from Nadorello east as the 

f i n a l  encrusta t ion  on a rh odo l i th .
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L ith o p h y l lu m  p e rso n a tu m  A i ro ld i  

Plates 4 .17 -4 .21

1933 L ith o p h y l lu m  p e rso n a tu m  k i r o i d i   ̂ pp. 73,74,  p i .  11, f i g .  4.

D ia g n o s is .  A species of  L ith o p h y llu m  character ised by very large con

ceptacles 430-760 y d ia .  by 200-220 y high in a layered p e r i th a l lu s  of  

rectangu lar  c e l l s  10-18 y t a l l  by 8-14 y wide (except above concep

t a c le s ,  where the layer ing  is undulose and the c e l ls  23 by 18 y dimen

sion) r e s t in g  on a simple m u l t i - laye red  to very poorly co-ax ia l  hypo

th a l lu s  55-200 y th ick  formed of rectangular  c e l l s  18-28 y t a l l  .by 8-  

14 y wide.

D e s c r ip t io n .  Thick c lo se ly  spaced protuberances 1-4 mm t a l l  by 1-2 .25  mm 

wide ( a t  the base) developed in a th a l lu s  1-7 mm th ic k .  Hypothallus 

m u l t i - l a y e r e d  to sub-plumose, 70-130 y th ick  formed of rectangular  c e l ls

10-23 y long by 8-14 y wide. P e r i th a l lu s  layered and sometimes lensoid 

( in f e r t i l e  protuberances only)  formed of  rectangular  c e l ls  10-15 y t a l l  

by 8-13 y wide.  Layering absent,  c e l l s  12-18 y t a l l  by 10-14 y wide for

5-8 c e l l s  thickness immediately above the conceptacles, which are single  

pored with  a f l a t  base and convex roo f ,  and 530-720 y d ia .  by 180-230 y 

high.

Rem arks. The large  s ize  of  the conceptacles o f  th is  alga allows the ex

clusion o f  most species of L ith o p h y llu m  and i t s  subsequent i d e n t i f i c a t i o n  

as L . ova tum . L . jo h n s o n i (Johnson, 1961b; Johnson & Kaska, 1965) and 

L. racem us  (Johnson, 1957) have conceptacles of  large diameter (400-560 y) 

but d i f f e r  in t h e i r  development of  co-ax ia l  hypothallus and f la t te n e d  

conceptacle form (130-150 y high) respec t ive ly .  A i ro ld i  (1933),  in his 

o r ig in a l  d e s c r ip t io n  of  L . pe rsona tu m  from the Upper Oligocene (Rupelian)  

of northern I t a l y ,  made no comment on the general growth form of the 

th a l lu s  (e .g .  th in  crust  or branching) except th a t  i t  is nodular.  Feat 

ures of  the general  form of the th a l lu s  there fore  cannot be used in iden

t i f i c a t i o n .

O ccu rre n ce . P o s i t i v e ly  i d e n t i f i e d  in only four  th in  sections from 

Nadorel lo e a s t ,  but i n f e r t i l e  specimens may be present in a fu r th er  four.
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On one occasion L. personatum  is  seen to encrust Arahaeolithotharm ium , 

and on another ,  to be encrusted by Litho tharm ium .

Genus MESOPHYLLUM Lemoine 1928 

Mesophyllum  c f .  vaughan ii (Howe)

Plates 4 .2 2 -4 .26

1918 L itho tha rm ium  vaughan ii Howe, pp. 6 ,7 ,  pis 7, 8.

1939 Mesophyllum vaughan ii (Howe); Lemoine, p. 89, p i .  1,
f ig s  2,  8, 11, 15.

Mesophyllum vaughan ii (Howe) Lemoine; Johnson, p. 157, p i .  3,
f igs  1, 2.

1965a Mesophyllum vaughan ii (Howe) Lemoine; Johnson, p. 809, p i .  98,
f igs  1, 2.

1965a Mesophyllum  c f .  vaughan ii (Howe) Lemoine; Johnson, p. 809.

Mesophyllum vaughan ii (Howe) Lemoine; Johnson, p. 268, p i .  4,
f i g .  3, p i .  5, f i g .  5.

1980 Mesophyllum  c f .  vaughan ii (Howe) Lemoine; Bennett, p. 80,
pis 2 .3 1 . 3 ,  2 .32 .

D iagnosis  (compiled from Lemoine, 1939; Johnson, 1962a, 1965a,b) .  A 

species o f  Mesophyllum  characterised by a simple mul t i - layered  hypo

t h a l l u s ,  a p e r i t h a l lu s  with pronounced l e n t i c u l a r  growth zones and 

numerous conceptacles often containing sporangia.  Hypothal l ic c e l l s ,  

13-32 y long by 8-19 y th ick ;  p e r i t h a l l i c  c e l l s ,  7-21 y t a l l  by 8-15 y 

wide; conceptacles mult ipored,  350-600 y d ia .  by 140-220 y high.

D e s c r ip tio n .  Crustose form. Common th ick  protuberances (< 8 mm dia .  

by 8 mm high) and slender branches (< 3 mm d ia .  by 8-10 mm long).  Pro

nounced growth zones (5 -7  c e l ls  deep) in p e r i t h a l lu s  with c e l ls  10-25 y 

t a l l  by 8-12  y wide.  Growth zones are l e n t i c u l a r  in the region of the 

protuberances.  Conceptacles,  numerous, commonly contain sporangia,  are 

concentrated in protuberances and measure 450-1100 y d ia .  by 140-200 y 

high. Hypothal lus ,  wel l  def ined,  90-200 y th ic k ,  c e l l s  10-25 y long by 

8-18  ̂ t h ic k .

Remarks. The general  growth h a b i t ,  appearance, c e l l  sizes of the t issue  

and m u l t i - l a y e r e d  hypothallus suggest th a t  th is  alga is  Mesophyllum 

vaughan ii. The conceptacle s ize  range overlaps but is genera l ly  greater



than th a t  accepted fo r  M. vaughan ii. For th is  reason, along with the 

absence of any described alga with s im i la r  t issue to M, vaughanii but 

l a rger  conceptacle s ize  (Johnson, 1962a),  the alga is ascribed to M. 
c f .  va ug han ii,

M, vaughan ii is a widely  d is t r ib u te d  Upper Eocene -  Lower Oligocene 

form (Johnson, 1965b), but has also been described from the Middle 

Oligocene of Sarawak (Johnson, 1965b); the u n d i f fe re n t ia te d  Oligocene 

of A lg e r ia  (Lemoine, 1939) and the Upper Oligocene of Malta (Bennett ,  

1980).

Occurrence. M. vaughan ii is of  common occurrence in 20 thin sections  

from Nadore l lo  east in the form of whole rhodoli ths  and fragmented 

branches and protuberances.  In the rhodoli ths i t  is commonly mutual ly  

exclusive from a l l  other species of  algae; on rare occasions i t  may 

encrust L itho tha rm ium  c f .  marianae.

Genus LITHOPORELLA Fos l ie  1909 

L ith o p o re lla  c f .  m elohesio ides  (F o s l ie )

Plates 4 .2 7 -4 .2 9

1903 Mastophora m elohesio ides  F o s l ie ,  pp. 23-25.

1904 Mastophora (L ith o p o re lla )  m elohesio ides  (F o s l i e ) ;  F o s l ie ,  in
Weber van Bosse & Fo s l ie ,  p. 73.

1909 L ith o p o re lla  m elohesio ides  (F o s l ie )  Fo s l ie ;  Fo s l ie ,  pp. 58,59.

1928 M elohesia (L ith o p o re lla )  m elohesio ides  (F o s l ie )  Fos l ie ;
Lemoine, p. 104.

1949 L ith o p o re lla  (Melohesia) m elohesio ides  (F o s l ie )  Fos l ie ;  Johnson
& F e r r is ,  p. 196, p i .  39, f igs  1, 2.

1961b L ith o p o re lla  m elohesio ides  (F o s l ie )  Fos l ie ;  Johnson, p. 936
{cum. syn . ) .

1962a L ith o p o re lla  m elohesio ides  (F o s l ie )  F o s l ie ;  Johnson, pp. 163,164,
p i . 3, f i g .  3.

1963 L ith o p o re lla  m elohesio ides  (F o s l ie )  Fos l ie ;  Souaya, p. 250,
p i .  7, f i g .  6.

1964 L ith o p o re lla  m elohesio ides  (F o s l ie )  Fos l ie ;  Johnson, pp. 482-484,
p i .  3, f i g .  4.

1965a L ith o p o re lla  m elohesio ides  (F o s l ie )  Fos l ie ;  Johnson, p. 811.

1965b L ith o p o re lla  m elohesio ides  (F o s l ie )  Fos l ie ;  Johnson, pp.
p i .  2, f i g .  6.
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1965 L i t h o p o r e l la  m e lo h e s io id e s  (F o s l ie )  F o s l ie ;  Johnson & Kaska,
pp. 50,51,  p l .  44,  f i g .  3.

1980 L i t h o p o r e l la  m e lo h e s io id e s  (F o s l ie )  Fos l ie ;  Bennett,  pp. 81,82,
pis 2 .2 8 . 3 - 6 ,  2 .3 3 .3 ,  2 .3 4 .1 - 3 .

D ia g n o s is  (compiled from Johnson, 1957, 1961b, 1962a, 1964, 1965a,b) .

A species o f  L i t h o p o r e l la  character ised by a c e l l  s ize  v a r ia t io n  w i th in  

the range 22-99 y t a l l  by 9-41 y wide,  found between and w i th in  t h a l l i ;  

monoporate conceptacles of  600-1000 y d ia .  by 200-290 y high; and 

frequent  superimposit ion o f  t h a l l i .

D e s c r ip t io n .  Monostromatic tha l lus  formed of large c e l ls  elongate normal 

(or  a t  a high angle)  to the substrate .  Cell  s ize  var ies g re a t ly  (30-85 y 

t a l l  by 15-35 y wide) even w i th in  a s ingle  th a l lu s .  Commonly 2 to 6 

t h a l l i  are found superimposed. Conceptacles are absent.

Rem arks. Without a large  sample s ize  o f  f e r t i l e  specimens commonly sec

t ioned through the centres of  conceptacles,  i t  is not possible to separate  

L. m e lo h e s io id e s  from the species L. c ra s s a  ( I s h i j im a  in Johnson, 1961b),  

L. a t l a n t i c a  (Fos l ie  in Johnson, 1957),  L. c o n ju n c ta  (Fosl ie  in Johnson, 

1957),  L . a n t iq u i t a s  (Johnson, 1961b) and L. lo n g ic e l la  (Johnson, 1961b) 

a l l  of  which have r e s t r i c t e d  c e l l  s ize  ranges w i th in  tha t  of  L. m e lo 

h e s io id e s .  The c e l l s ,  however, are too large  to cause confusion with L. 

rrrinus (Johnson, 1964).  The alga is ascribed to L. c f .  m e lo h e s io id e s  

since i t  shows the c e l l u l a r  features common to th is  species but pos i t ive  

i d e n t i f i c a t i o n  cannot be made without a la rg e r  sample size of  f e r t i l e  

specimens.

L. m e lo h e s io id e s  has a known age range from Eocene to Recent w i th in  which 

i t  is ubiquitous (Johnson, 1962a). Within the Mediterranean area i t  has 

been recorded from the Oligocene of  A lger ia  (Lemoine, 1939),  northern 

I t a l y  ( A i r o l d i ,  1933) and the Maltese islands (Bennett,  1980); from the 

Miocene o f  northern I t a l y  (Conti ,  1943); and from the Middle Miocene of  

Egypt (Souaya, 1963).

Ocaurrenae. Found in seven th in  sections from Nadorello east as i n i t i a l  

encrustat ions  on Lepidoayalina (E u le p id in a ) , fo ram in i fe ra  and eroded
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rh o d o l i th ic  fragments,  and as s ingle  t h a l l i  often in ter leaved with

M elohesia  c f .  ouboides  in L itho tharm ium  c f .  marianae and Mesophyllum
c f .  vaughan ii rh o d o l i th s .

Genus MELOBESIA Lamouroux 1812 

M elohesia  c f .  cuhoides Johnson

Plates 4 .3 0 -4 .32

1957 M elohesia? Quhoides Johnson, pp. 234,235,  p i .  43,  f i g .  6,  7.

^^f>2a M elohesia cuhoides  Johnson; Johnson, p . 164, p i .  5, f i g .  6.

1962a M elohesia  c f .  cuhoides  Johnson; Johnson, p. 164.

1965b M elohesia  c f .  cuhoides  Johnson; Johnson, p. 273.

1965 M elohesia? cuhoides  Johnson; Johnson & Kaska, pp. 51,52,  p i .  34,
f i g .  2.

1980 M elohesia cuhoides  Johnson; Bennett ,  p. 82, p i .  2 .35 .

D iagnosis  (compiled from Johnson, 1957, 1962a).  A species of  Melohesia  

character ised by a monostromatic tha l lus  consis t ing of  square or s l i g h t l y  

h o r i z o n t a l ly  elongate c e l l s  10-30 y long by 10-23 y t a l l .  Commonly sev

era l  t h a l l i  are superimposed. Conceptacles as y e t  undescribed.

D e s c rip tio n .  Monostromatic tha l lus  consist ing of  h o r i z o n ta l ly  elongate,  

sometimes square,  c e l l s  30-45 y long by 20-30 y t a l l .  Up to 4 t h a l l i  

superimposed. Conceptacles not present.

Rerrarks. The monostromatic tha l lus  and h o r i z o n ta l ly  elongate aspect of  

the c e l l s  of  th is  alga character ise  i t  as M elohesia. The s ize  of the 

c e l l s ,  however, is la rg e r  than accepted fo r  M. cuhoides but s^m^^ar  in 

dimension (19-43 y long by 9-17 y t a l l )  to th a t  accepted fo r  M. c f .

cuhoides  by Johnson (1962a) and fo r  th is  reason the alga is ascribed to

M. c f .  cuhoides  here.

M. cuhoides  has previously  been described from the Eocene of Saipan

(Johnson, 1957) Sarawak (Johnson, 1962a) and Guatemala (Johnson & Kaska, 

1965); and the Upper Oligocene of Malta (Bennett ,  1980). M, c f .  cuhoides 

has been described from the Eocene (Johnson, 1962a) and Lower Miocene 

(Johnson, 1965b) of  Sarawak. The Melohesia  sp. described by A i ro ld i  

(1933) from the Upper Oligocene of northern I t a l y  has c e l l  dimensions
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s im i la r  to those of M. ouboides and th e re fo re  may be th is  species.

OoQurrence. The alga is o f  minor occurrence in  12 th in  sections from 

Nadorello  e a s t ,  usually  forming the f i r s t  encrustation  on large  

Le p id o cyo lin a  (E u le p id in a )  fo ra m in ife ra ;  sometimes in te r leaved  with  

L ith o p o re lla  m e lohesio ides, or as s in g le  t h a l l i  w ith in  Lithothamnium  

c f .  marianae and Mesophyllum  c f .  vaughan ii rh o d o li th s .

4 .1 .3  R h o d o lith ic  Growth Form

The c o r a l l in e  red algae from southwest S ic i l y  are present in the

form of rh o d o lith s  {sensu Adey & M acIntyre , 1973): f re e  l iv in g  c ru s t

ose forms which nucleate on p a r t ic u la te  matter and show concentric  

growth forms around i t .  At the Nadorello east lo c a l i t y  three morphol

o g ic a l ly  d i f f e r e n t  types of rhodo lith  can be recognised in  f i e l d  out

crop. Two o f these types (1 & 2) are abundant, the th i rd  (3) is common 

to in fre q u e n t .  A fourth  morphological type (4 ) is  found at the Contrada

Giovanni l o c a l i t y  and in the Mt Gargalupo area.

1) Compact Branching Growth Form 

P la tes : 4 .3 3 ,  4 .34

Rhodoliths w ith  good s p h e r ic i ty  measuring 20-30 mm diameter,  

formed o f  compact massive a lgal th a l lu s  w ith c lo se ly  spaced, r e la t i v e ly  

th ick  and short (4 -5  mm d ia .  by 5-6 mm long) branches. Nuclei are formed 

of fragments o f  the same or other a lgae.

2) Compact-Laminar and Laminar Growth Forms 

P la tes : 4 .3 5 ,  4 .36

Rhodoliths w ith  good s p h e r ic i ty  measuring 40-70 mm diameter. 

Centres commonly composed of compact branching forms la t e r  encrusted by 

algae w ith  th in  t h a l l i ,  thus forming a laminar e x te r io r .  Some rhodo

l i t h s  are formed o f th in  t h a l l i  throughout. In both cases, subsequent 

encrustations o f t h a l l i  are not in contact everywhere, but are commonly 

separated by l e n t ic u la r  voids la t e r  i n f i l l e d  with sediment (a fea ture  

recorded prev ious ly  by B o se ll in i  & Ginsburg, 1971), or by encrustations  

of cheilostome bryozoans.
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3) Open Branching Growth Form 

P la tes : 4 .3 7 ,  4 .38

Rhodoliths with poor s p h e r ic ity  commonly encrusting lep idocycline  

fo ra m in ife ra .  They are formed of th in  t h a l l i  ( 0 . 5 - 1 . 5  mm th ic k )  with  

widely spaced (10-15 mm) r e la t i v e ly  long narrow branches (1 -2  mm d ia . by 

3-6 mm lo n g ).

4) Compact Non-Branching Growth Form 

P la tes : 4 .3 9 ,  4 .40

Rhodoliths w ith  poor s p h e r ic ity  measuring 35-55 mm maximum diam

e te r  formed o f  compact massive th a l lu s  2-5 mm th ic k .  No branches.

Nuclei commonly L e p id o c y o lin a  (E u le p id in a )  fo ra m in ife ra .

Rhodoliths , in genera l, owe t h e i r  growth form to formation in  

q u ite  p a r t ic u la r  energy regimes a d d it io n a l to the parameters l is te d  in 

section 4 .1 .4  which control the growth and d is t r ib u t io n  o f c o ra l l in e  

algae in genera l.  A d e l ic a te  balance must e x is t  between water movement 

and l i g h t  in t e n s i t y ,  re s u lt in g  in concentric  growth (Wray, 1977). Ex

cess ive ly  strong water motion prevents the r e la t i v e ly  l ig h t  and f r a g i le  

rhodo liths  from forming, whereas weak wave or current action leads 

e ith e r  to t h e i r  s t a b i l i s a t io n  through growth and coalescence of crusts  

or to b u r ia l  by f in e  sediment (Adey & M acIntyre , 1973).

Rhodoliths which are densely branched or which have concentric  

(lam inar) s tru c tu re  are thought to represent growth in environments with  

considerably more water movement than those with open branching forms 

which represent growth in  quiescent conditions (B o s e l l in i  & Ginsburg, 

1971; Wray, 1971; Adey & M acIntyre , 1973). B o s e ll in i  & Ginsburg (1971) 

found th a t  the former occupied positions in current swept channels w h ils t  

the l a t t e r  represented growth in the protected environment o f  sea grasses

In southwest S i c i l y ,  the growth form o f the rhodoliths is  prim

a r i l y  governed by the a lg a l species present. C erta in  species are known 

to have p a r t ic u la r  growth habits (Johnson, 1957, 1961b; Johnson & Kaska, 

1965). Of the rh odo liths  examined in th in  section the compact branching 

form (type 1) and non-branching form (type 4) were composed of L itJ io -  

thamiurn c f .  marianae and Mesophyllum c f .  vaughanii. These species may
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be subsequently repeated ly  encrusted by th in  t h a l l i  of L. aggregatum  

to give a compact-laminar form (type 2 ) .  Those type 2 rhodo liths  with  

laminar growth throughout have th in  t h a l l i  of Arohaeotithotham nium  

saipanense or L. c f . marianae in the centres and are subsequently en

crusted by L. aggregatum. L. aggregatum  is present always as a la te  

stage encrus ta tion  when rhodoliths  are r e la t i v e l y  la rg e . Rhodoliths 

with an open branching form (type 3) are always formed of A. saipanense.

However, the rh o d o lith  growth forms may a lso be r e la te d ,  second

a r i l y ,  to environment. The d e l ic a te  open branching forms (type 3) may 

represent growth in quiescent co nd itions , possibly in the s h e lte r  of 

hollows or sea grasses. In c o n tra s t ,  the compact branching forms may 

represent growth in higher energy conditions (as found by B o se ll in i  & 

Ginsburg, 1971; and Bosence, 1976), possibly in open current swept 

areas . The subsequent encrustation  of these forms by th in  crusts of 

L. aggregatum  may r e f l e c t  the need fo r  a large  p a r t ic le  s ize  to allow  

th is  species to  encrust. The encrustation  of other species o f L ith o 

tharmium  is  governed by the p a r t ic le  s ize  of the substrate  (Adey, 1970a 

& b ) .  Grain s iz e ,  ra ther  than energy co n d it io n s , is  there fo re  thought 

to contro l the presence of L. aggregatum.

At the Contrada Giovanni lo c a l i t y  and in the Mt Gargalupo area 

the rh o d o lith s  are  almost e n t i r e ly  represented by compact non-branching 

forms, and the assemblage shows a complete absence of open branching 

forms. This fe a tu re  may r e f l e c t  higher energy conditions a t  these lo c 

a l i t i e s  than a t  the Nadorello east lo c a l i t y .  This is  consistent with  

the in te r-b ed d in g  o f the a lgal rh o d o l i th ic  fac ies  with grainstones in 

the Contrada Giovanni and Mt Gargalupo successions; and with the pos

i t io n  of the Contrada Giovanni succession on the boundary between grain- 

stone fa c ie s  to the west and a lga l wackestones, packstones to the east 

(Section 2 .4 . 4 ) .

Present day rhodoliths  are recorded from a v a r ie ty  of la t i tu d e s  

and depths: from Bermudan lagoons in depths o f 2-5 m (B o s e l l in i  &

Ginsburg, 1971); from 5-30 m in  the Skagerrak (Alexandersson, 1974); 

and from depths of over 50 m on the fo re re e f  of the Bermuda Platform  

(Focke & G ebelin , 1978). Adey & MacIntyre (1973) conclude th a t
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rh o d o lith s  can form in c le a r  t ro p ic a l  waters in offshore banks and in 

exposed l o c a l i t i e s  in depths o f 50-250 m and y e t  also occur in pro

tected shallow lagoons. The southwest S ic i l y  a lg a l assemblage is  

thought to represent accumulation in depths o f 80-250 m (fo llo w in g  

Section) and th e re fo re  is  consis tent w ith these f in d in g s .

4 .1 .4  Palaeoecology

The red algae are  p o te n t ia l ly  s e n s it iv e  environmental in d ica to rs .  

Work on Recent representa tives  (Adey, 1966, 1968, 1970a, 1970b, 1971; 

B o s e ll in i  & Ginsburg, 1971; Adey & M ac In tyre , 1973) has ind icated  th a t  

the major fa c to rs  c o n tro l l in g  th e i r  d is t r ib u t io n  are: l i g h t  in te n s ity ,

water tem perature, s a l i n i t y ,  substrate  and water energy. Their d is 

t r ib u t io n  can be re la te d  to depth but th is  is  usually  a re f le c t io n  of 

the above fa c to rs  e s p e c ia l ly  l ig h t  in te n s ity  (Adey, 1966, 1971; Adey & 

Adey, 1973; Adey & M acIn tyre , 1973). As a group they occur in most 

seas from i n t e r t i d a l  depths to 200-250 m (Adey & M acIntyre, 1973). This 

lower l i m i t  is  la rg e ly  governed by l ig h t  in te n s ity  and the a b i l i t y  of  

the red algae to u t i l i z e  l ig h t  from the more p enetra t ive  blue green 

wavelengths.

The southwest S ic i l i a n  m id -T e r t ia ry  red a lg a l genera have proven 

long time ranges from Jurassic (A rchaeo litho thann ium , Lithothamnium, 

L ith o p o re lla ,  L ith o p h y llu m )  and e a r ly  T e r t ia r y  (Mesophyllum, M elohesia) 

through to Recent. The ir  slow development makes them of l i t t l e  use in  

s tra t ig ra p h ie  c o r re la t io n  but gives them enhanced palaeoenvironmental 

value . Indeed, Wray (1977) considers th a t  the present genera of the 

Hawaiian archipelago e x is t  under much the same conditions as they did 

during the T e r t ia r y .

L is ted  below in order o f  decreasing abundance and with th e i r  as

sociated eco log ica l preferences are the red a lga l genera from the Mid- 

T e r t ia r y  o f southwest S ic i l y .

L itho tha rm ium : A ll  seas, almost always s u b t id a l.  A prominent

element o f  the f lo r a  in shallow water a t c o o le r ,  p r im a r i ly  northern,  

la t i tu d e s  (Adey, 1966). In the trop ics  i t  becomes a prominent element
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of the f lo r a  in deeper (c o o le r)  w ater , occurring a t  depths > 50 m in  

the Hawaiian archipelago (Wray, 1977).

Mesophyllum: A ll  seas, from subtidal to deep water. A prominent

element of the f l o r a  in shallow water a t  c o o le r ,  p r im a r i ly  southern, 

la t i tu d e s  but predominates in deeper environments (> 50 m; Wray, 1977) 
w ith in  the t ro p ic s .

A r c h a e o l i th o th a m iu m :  This genus is  considered to be almost ex

c lu s iv e ly  s ub tida l and v i r t u a l l y  re s t r ic te d  to t ro p ic a l  -  subtropical  

waters where i t  has been recorded from depths down to 250 m (Adey & 

M acIntyre , 1973; Wray, 1977).

L ith o p h y llu m :  A ll  seas, but g reates t development w ith in  the

trop ics  (Johnson, 1961a). Known to be in t e r t id a l  to depths o f 80 m 

(Wray, 1977).

L ith o p o re l la :  V i r t u a l ly  re s t r ic te d  to t ro p ic a l  -  subtropical

waters (Adey & M acIntyre , 1973). I t  is a predominant c o ra l l in e  compon

ent o f  t ro p ic a l  reefs  and common in waters of < 10 m (Wray, 1977). I t  

is s t r i c t l y  a hard substrate  encruster and commonly the i n i t i a l  colon

iz e r .

M elohes ia : Temperate and t ro p ic a l  seas where i t  is commonly

in t e r t id a l  (Johnson, 1961a).

A t ro p ic a l  -  subtropical environment fo r  the southwest S ic i ly  

limestones is  evidenced by the mere presence o f Arohaeolithom nium  and 

L ith o p o re lla .  Accumulation in co o le r ,  deeper water is  suggested by the 

predominance o f  the cool water genera, Litho tharm ium  and Mesophyllum, 

over the warm water genera Arahaeolithotharm ium , L ith o p h y llu m  and L ith o 

p o re lla .  By comparison with the work o f Adey & Boykins ( in  Wray, 1977), 

i t  is  suggested th a t  th is  association represents accumulation in water  

depths > 80 m because o f the s im i la r  r e la t iv e  abundances of the genera 

present to the association  recorded fo r  80 m depth in the Hawaiian 

archipelago. Above 80 m depth Arahaeolithotharm ium  and L ithophy llum  

become r e l a t i v e l y  much more abundant. Below 80 m no data are given fo r the 

r e la t iv e  abundances o f  the a lg a l assoc ia tion . The southwest S ic i l y  l im e

stones th e re fo re  accumulated in water depths > 80 m with a lower l i m i t  set
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a t  250 m, governed by the photic zone and by the greates t depth to 

which rh o d o lith s  are known to occur.

4 .1 .5  Conclusions

The mere presence of red algae suggests th a t  the enclosing lim e

stones formed under normal marine conditions in l i g h t  penetrated water. 

The presence o f the warm water genera Archaeo litho tharm ium , L itho phy llum  

and L ith o p o re lla  is  evidence o f deposit ion in a t ro p ic a l /s u b - t ro p ic a l  

environment. However, the predominance of the cool water genera 

(L ith o th a rm iim  and Mesophyllum) over these warm water genera suggests 

accumulation in c o o le r ,  there fo re  deeper 80-250 m waters.

The formation o f rhodo liths  im plies regu lar  gentle movement of 

the bottom. The formation of these rhodoliths  by Lithothamnium  c f .  

marianae, Mesophyllum  c f .  vaughan ii and Archaeolithotham nium  saipanense 

is  cons is ten t w ith the branching growth form ty p ica l  of rhodo lith  form

ing algae (Adey & M ac In tyre , 1973). The subsequent encrustation by 

L. aggregatum  may represent the a b i l i t y  of th is  alga to encrust only 

large s ize  c la s ts .  I ts  a b i l i t y  to encrust la rg e r  areas fa s te r  allows  

i t  to become the predominant encruster.

Four d i f f e r e n t  growth forms of rhodoliths  are recognised in the 

southwest S ic i l y  limestones. These are re la ted  in the f i r s t  instance  

to the species forming the rhodoliths  and in the second instance to the 

environments w ith in  which they are formed. The abundance of compact 

non-branching growth forms along with the absence of open branching 

forms a t  the Contrada Giovanni lo c a l i t y  and in the Mt Gargalupo area 

suggests th a t  the deposits accumulated under higher energy conditions  

than a t  Nadorello  eas t.

The algae are  thus consistent with the palaeoenvironment in fe rred  

for the limestones in Section 2 .5 ;  and the species id e n t i f ic a t io n s  are 

consistent both w ith  a Palaeogene age fo r  the limestones, and with th e ir  

Indo-West P a c i f ic  a f f i n i t i e s  as found elsewhere fo r  fauna and f lo r a  in 

the Mediterranean (Zammit-Maempel, 1979; Bennett, 1980).
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4.2  Trace Fossils

4 .2 .1  In tro d u c tio n

Trace fo s s i ls  are present, but not common, in the m id -T ert ia ry  

successions o f  both southwest and southeast S ic i l y .  (The l a t t e r  are 

described here to complement the phosphorite study o f Chapter 7 and to  

expand the d e s c r ip t io n  of the phosphorite and hardground occurrence in  

SE S i c i l y ) .  In southwest S i c i l y ,  Mascle (1973, 1979) records t h e i r  

presence but does not id e n t i fy  or describe them. Those from southeast 

S ic i ly  have no previous record or d e sc r ip t io n .

Burrows ( in to  s o ft  sediment) and borings ( in to  hard substrates)  

are here c la s s i f ie d  to generic leve l on t h e i r  gross morphology, fo l lo w 

ing Hëntzschel (1975) and Bromley (1972) re s p e c t iv e ly .  Id e n t i f ic a t io n  

to species le v e l has been made where w idely used, unambiguous names are 

a v a i la b le .  New species have not been designated despite  minor var ia t io n s  

in burrow or bore d iam eter, or sedimentary i n f i l l ,  because of the doubt

fu l s p e c if ic  value of these c r i t e r i a .

4 .2 .2  Systematic Palaeontology

Ichnogenus THALASSINOIDES Ehrenberg 1944 

Tha lass ino ides  paradoxioa  (Woodward)

P lates  4 .4 1 -4 .4 3 ;  t e x t - f ig s  2 .1 ,  2 .2

1830 Spongia paradoxioa  Woodward, p. 5.

1869 S iphon ia  paradoxioa  (Woodward); W i l ts h i r e ,  p. 176.

1967 T ha lass ino ides  paradoxioa  (Woodward); Kennedy, pp. 142-148,
pis 3, 4, 8 , f ig s  5, 9, f i g .  2; 
t e x t - f ig s  4, 5A + B, {oum. syn. )

1975 Thalassinoides paradoxious (Woodward); Bromley, p. 411.

1980 T ha lass ino ides  paradoxioa  (Woodward); Bennett, pp. 177-179,
p i .  3 .1 3 .1 .

Diagnosis  ( a f t e r  Kennedy, 1967). A species o f  ̂Tha lassino ides  char

acterised  by an i r r e g u la r ,  very extensive horizonta l burrow network, oc

curring a t  several le v e ls ,  connected by v e r t ic a l  shafts . Diameter of 

tunnels v a r ia b le ,  between 7 and 60 mm, short b lind  tunnels very common.
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Surface covered w ith  lo n g itu d in a l  r id g e s . G enera lly  occurs associated  

w ith  erosion surfaces.

Desoription. Burrow system w ith  both v e r t ic a l  and ho rizo n ta l  compon

ents extending to  some 0 .2 5 -0 .3  m depth. Tunnel s izes 15-60 mm (com

monly 20-35 mm) d iam eter. Non-branching v e r t ic a l  components located  

in  the upper region o f  the system. H orizonta l to  sub-horizonta l comp

onents f re q u e n t ly  b i fu r c a t in g  a t  angles o f  40° to 90° and a t  i r r e g u la r  

in te r v a ls  o f  30 to  300 mm. Sw elling  up to  twice normal burrow diameters 

occurs a t  ju n c t io n  p o in ts .  Short b l in d  tunnels present but not common. 

Burrow w a lls  g e n era lly  smooth, very r a r e ly  w ith f in e  s t r ia t io n s  sub

p a r a l le l  to  burrow a x is .

Remarks. The genus has c h a r a c te r is t ic  gross morphology and is  d is t in 

guished from Ophiomorpha by lack  o f tu b e rc u la te  w all s tru c tu re .  The 

species is  d is t in g u ish e d  from the three  o ther recognised species 

(Kennedy, 1967; Hântzschel, 1975): by i t s  sm aller burrow dimensions

from T. saxonious\ by i t s  lack o f r e t i c u la t e  burrow surface ornament 

from T. omatus; and by i t s  more i r r e g u la r  branching pa tte rn  from T. 
suevious.

The S i c i l i a n  burrows are ascribed to  T. paradoxioa since they 

resemble th is  species as described by Kennedy (1967) from the Lower Chalk 

o f southern England in  possessing v e r t ic a l  connecting sh a fts ,  i r re g u la r  

h o r izo n ta l  networks, some burrows te rm in a t in g  b l in d ly  and some showing 

a surface ornament o f  lo n g itu d in a l  s t r i a t io n s .  T. paradoxioa is  con

s idered to  be the stenomorphic v a r ie ty  o f  T. suevious, i t s  formation  

being r e s t r ic te d  by the progressive l i t h i f i c a t i o n  o f the enclosing sed i

ment (Bromley, 1975). Thalassinoides may be the work o f burrowing crus

taceans (F re y , 1975b).

Ooourrenoe. T. paradoxioa is  r e s t r ic te d  to  two l o c a l i t i e s  w ith in  the 

study area: Upper Cretaceous -  Upper Oligocene unconformity a t  Nadorello  

east (F ig .  2 .2 )  in  southwest S i c i l y  (where the burrows are thought to  

have formed in  Upper Oligocene times since they are absent from the under

ly in g  Cretaceous sequence), and w ith in  the Lower Miocene o f Donnaiucata 

in southeast S i c i l y  (F ig .  7 .1 ) .  H orizonta l components predominate w h ils t
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v e r t ic a l  components are subordinate in the southwestern S ic i l y  example, 

and v ic e -v e rs a  in  southeast S i c i l y .  At Donnaiu cata , the burrows are  

associated w ith  a hardground (Section 7 . 2 . 2 ) ;  a t  Nadorello e a s t ,  th is  

can only be in fe r re d  from t h e i r  presence.

Stratigraphie Range. Thalassinoides has a known minimum range from 

T r ia s s ic  to  T e r t ia r y  (HB ntzschel, 1975). T. paradoxioa has been des

cribed from the Upper Cretaceous o f  England (Kennedy, 1967, 1970a) and 

the USA (Frey & Howard, 1970). Bromley (1970) notes th a t  the species 

is  probably associated w ith  the Upper Cretaceous hardgrounds throughout 

Europe, southwest Asia and north A f r ic a .  Bennett (1980) records T. 
paradoxioa from the Lower Miocene o f  the  Maltese is lands .

Geographic distribution. Thalassinoides has been w idely  recorded from 

Euro-Asia and A u s tra l ia  (HBntzschel, 1 975 ),  and from the western USA 

by Frey & Howard (1 9 7 0 ) ,  but d e sc r ip t io n s  from the Mediterranean area 

are few (no tab ly  Bennett, 1980). There is  no previous record o f  

Thalassinoides in  S i c i l y .  In  the Mediterranean area T. paradoxioa has 

so f a r  only been recorded from the M altese is lands .

Thalassinoides sueviaus (R ie th )

Plates 4 .4 4 -4 .4 7

1932 Spongites suevicus quenstedti R ie th , p. 274.

1932 Spongites suevious Quenstedt; R ie th ,  p. 292.

1932 Cylindrites suevicus (Q uenstedt); R ie th ,  p i .  13a,b.

1964 Thalassinoides suevious ( R ie th ) ;  H&ntzschel, p. 302.

1967 Thalassinoides c f .  suevicus (R ie th ) ;  Kennedy, pp. 140-141,
p i .  1 , f i g .  2 , {cum. s y n . ) .

1980 Thalassinoides suevious ( R ie th ) ;  Bennett, pp. 179-181,
p i .  3 .3 1 .2 ,  3.

Diagnosis (complied from HBntzschel, 1964, Bennett, 1980). A species o f  

Thalassinoides ch arac te r ised  by extensive branching burrow systems in 

the h o r izo n ta l  sub-horizonta l p lane , v e r t ic a l  burrows few or absent. 

Tunnel diameters 20-50 mm.
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Desoription. Extensive branching burrow system o f  predominantly h o r i 

zontal sub -horizonta l b i fu rc a t in g  burrows w ith  some v e r t ic a l  components. 

Tubes 10-35 mm (commonly 15-30 mm) d iam ete r , branching a t  angles o f  

4 0 ° -9 0 ° ,  a t  re g u la r  in te r v a ls  o f  150-250 mm, w ith  minor swelling at the 

branch p o in ts .  Burrow w a lls  smooth and unornamented. The system is  

exposed mostly as im prin ts  on extensive  weathered surfaces oblique and 

s u b -p a ra l le l  to  bedding.

Remarks. T. sueviaus is  d is tingu ished  by i t s  much sm alle r  burrow dimen

sions from T. saxonious^ by i t s  lack  o f  r e t ic u la t e  ornament from T. 
o m a tu Q j and by i t s  re g u la r  branching p a tte rn  from T. paradoxioa.

The burrows are  ascribed to  T. sueoicus in  th a t  they resemble 

th is  species as described by H&ntzschel (1964) from the Campanian of  

W estphalia , in  possessing extensive  b i fu rc a t in g  burrows which are h o r i 

zontal sub-horizonta l in aspect w ith  few v e r t ic a l  components.

OôoiœrenQe. Found in  the Lower Miocene s h e l f  limestones o f southeast 

S i c i l y ,  T. suevious is  extens ive  in  two beds (0 .5 -1  m th ic k )  immediately  

above and below the hardground a t  Donnalucata (Section 7 .2 .2 ) .  I t  is  

also r e s t r ic te d  in exposure a t  Pizzo Capra d'Oro (F ig .  7 .1 )  where i t  

occurs as small (10-20  mm d i a . )  burrows in  a horizon (0 .5 -1  m th ic k  ) 

located immediately below a phosphorite conglomerate.

Stratigraphie range. The known minimum range o f  Thalassinoides is  T r ias s ic  

to T e r t ia r y .  Many unspecif ied  records o f  the genus may, in  f a c t ,  be T. 
suevieus since the s p e c i f ic  burrow dimensions (20-50 mm) are those most 

commonly o c cu rr in g , and u n l ik e  T. paradoxiaa^ T. suevieus is  not r e s t r i c 

ted to  hardground asso c ia t io n s .

T. suevieus has been described from the Upper Cretaceous o f Westphalia 

(H ân tzsche l, 1964) and the Lower Miocene o f  the Maltese islands (Bennett, 

1980) and T. c f .  suevieus from the Upper Cretaceous o f  southern England 

(Kennedy, 1967).

Géographie distribution. T. suevieus has been id e n t i f i e d  from England and 

Germany, but the on ly  reported Mediterranean occurrence is  th a t  by Bennett
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(1980) from M a lta . I t  may, however, be as widespread as the genus, 

which is w idely  recorded from the USA, Europe, Asia and A u s tra l ia  

(HSntzschel, 1975).

Ichnogenus TRYPANITES M&gdefrau 1932

T ry p a n ite s  w e is e i MMgdefrau 

P la te  4 .48

1932 T ry p a n ite s  w e is e i M&gdefrau, p. 152.

1972 T ry p a n ite s  w e is e i Mëgdefrau; Bromley, p. 95, t e x t - f i g .  1,
( aum. syn. ) .

D iagnosis  ( a f t e r  Bromley, 1972). A species o f  T ryp a n ite s  characterised  

by simple unbranched c y l in d r ic a l  borings 1 - 2  mm d iam eter, perpendicular  

to the su b stra te .

D e s c r ip tio n .  S tra ig h t  or s l ig h t ly  sinuous c y l in d r ic a l  borings perpendi

c u la r  to the substra te  and o f  almost constant diameter ( 0 . 8 - 1 .5  mm) in

any one bore. Penetra ting  5-10 mm, they do not branch and have no wall

l in in g  or ornament.

Remarks. The bores are  ascribed to T ry p a n ite s  {sensu Bromley, 1972) in  

th a t  they possess a s in g le  opening and unbranched tube. They are ascribed  

to  T. w e is e i since they are perpend icu lar to the substrate  and are c. 1 mm 

in  d iameter.

T. w e is e i is  d is tingu ished  from T. o re taoea i T. b ifo ra n s  and T. 

c la v a tu s  by i t s  c i r c u la r  c y l in d r ic a l  form; T. s o l i t a r iu s  by i t s  perpendi

c u la r  o r ie n ta t io n  to  the s u b stra te ;  and from T. vadaszi which is  re s t r ic te d  

to wood su bstrates .

Occurrence. Common in  phosphatic c la s ts  in  the phosphorite conglomerates 

of Lower Miocene age from Contrada le  S erre ,  Pizzo Capra d'Oro and 

Donnalucata (where they are a lso found penetrat ing  the hardground surface) 

in  southeast S i c i l y .  The bores are  also found penetrating  phosphatised 

and non-phosphatised chalk c la s ts  in the basal conglomerate o f  the Upper 

Oligocene a t  Nadorello  east and San Biagio in  southwest S ic i l y .
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Stratigraphie range. Trypanites as defined by M&gdefrau (1932) has a 

known range from T r ia s s ic  to  Miocene. Bromley's (1972) d e f in i t io n  

would extend th is  to the Recent. T. weisei was o r ig in a l ly  described 

from the Middle T r ia s s ic  o f Germany.

Geographic distribution. The genus is  known from USSR, Germany and 

Poland (Hèlntzschel, 1975). Bennett (1980) describes Trypanites sp. 

from the phosphatic hardgrounds and c las ts  from the Maltese Lower 

Miocene.

Trypanites sp.

P lates  4 .4 2 ,4 .4 9

Description. S tra ig h t  c y l i n d r i c a l ,  or f la s k  shaped borings perpendi

c u la r  or a t  high angles to  the sub stra te .  S tra ig h t  bores have openings 

3-8  mm diameter and range in  depth from 15-60 mm to  unknown depths.

Flask shaped bores have openings 3 -4  mm diameter widening to 10-12 mm 

in the chamber o f the bore which penetrates 30-45 mm depth.

Remarks. These borings are ascribed to  Trypanites since they possess a 

s in g le  opening and are unbranched. They are d is tingu ished  from T. weisei 
by t h e i r  la rg e r  d iam eter , and from T. solitarius by t h e i r  sub-perpendi

c u la r  o r ie n ta t io n  to  the su b stra te .

Bore openings are c le a r ly  exposed on extensive surfaces. Exposure 

in  v e r t ic a l  section  i s ,  however, poor. The s t r a ig h t  bores may be of  

sipunculid  annelid  o r ig in  (Bromley, 1970) w h i ls t  the f la s k  shaped bores 

may be of b iv a lv e  o r ig in  (K e l le y ,  1980). Poor exposure coupled with the 

c la s s i f ic a t io n  o f  ich n o fo s s ils  on pure morphologic (and not genetic)  

grounds n ecessita tes  t h e i r  incorpora t ion  under one species here.

Occurrence. The s t r a ig h t  bores are found in  profusion on the hardground 

surface in  the Lower Miocene a t  Donnalucata in  southeast S ic i l y .  Flask 

shaped bores are  a lso  p resent, but less common. The openings to bores of  

th is  dimension are a lso  found on the surface of a f is s u re  cu tt in g  the 

Upper Oligocene and Cretaceous a t  Nadorello  east in southwest S ic i l y ,  

where they are i n f i l l e d  w ith  Lower Miocene g la u co n it ic  limestone.



103

Shallow (10-20  mm) s t r a ig h t  bores a lso  p enetrate  phosphatised and non- 

phosphatised chalk c la s ts  in  the basal conglomerate a t  Nadorello east  

and San B iag io , southwest S i c i l y .

^Stratigraphie range” and "Geographic distribution"', see T.

weisei.

4 .2 .3  Palaeoenvironments

That trace  f o s s i ls  are p o t e n t ia l ly  s ig n i f ic a n t  palaeoenvironmental 

indices is  evidenced by a s u b s ta n t ia l ,  r e la t i v e l y  recent l i t e r a t u r e ,  well 

represented by the symposium volumes ed ited  by Crimes & Harper (1970, 

1977) and by Frey (1975a ).  Although but two species o f burrows and two 

of borings are represented in  the S i c i l i a n  m id -T e r t ia ry ,  together they  

are s u f f i c i e n t  to  in d ic a te  normal marine s a l i n i t i e s ;  r e la t i v e l y  low 

energy c o n d it io n s ; moderate (50-300 m) depth of sedimentation; local var

ia b le  ra te s  in  sedimentation and l i t h i f i c a t i o n ;  and the presence o f l i t h -  

i f i e d  su b stra tes .

Shallow h o r izo n ta l  burrow systems (such as Thalassinoides) with  

poorly developed w a lls  are c h a r a c te r is t ic  o f s h e lf  seas (S e ila c h e r ,  1964, 

1967). Moreover, they represent excavation under normal marine s a l in 

i t i e s  in  low energy conditions (Rhoads, 1975) since f lu c tu a t in g  s a l i n i t 

ies and high energy conditions r e s u l t in g  in  s h i f t in g  substrates , nec

e s s i ta te  the form ation o f deep v e r t ic a l  burrows. Thalassinoides is  

ubiquitous in  shallow water (50-300 m) s h e l f  sea depos its , to  which i t  is  

r e s t r ic t e d .

The i r r e g u la r  branching p a tte rn  of T. paradoxica is  caused by the 

excavation o f  these burrows during the l i t h i f i c a t i o n  o f the enclosing  

sediment (fide Bromley, 1975; Kennedy, 1970b, 1975). Both Bromley (1967b) 

and Kennedy (1967) note the exc lus ive  occurrence o f  th is  species with  

recognised hardgrounds. The presence o f T. paradoxica in  the southwest 

S ic i ly  deposits  may th e re fo re  in d ic a te  s ig n i f ic a n t  l i t h i f i c a t i o n  of the 

burrowed su bstra te  and in c ip ie n t  hardground formation even though a hard- 

ground as such is  not evidenced by a bored or m inera lised surface. In 

southeast S i c i l y ,  however, T. paradoxica u nderlies  a m ineralised and bored
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hardground surface .

In s h e lf  sea d ep o s its ,  the number of burrows r e f le c t s  the ra te  

of sedimentation: slow ra tes  o f depos it ion  r e s u l t  in  the add ition  of

more burrows. Thus sediments w ith  an abundance o f burrows are not 

in d ic a t iv e  o f a frenzy  o f  a c t i v i t y  but o f  prolonged sea f lo o r  exposure 

due to slow ra tes  o f sedimentation (Howard, 1975). The g rea te r  number 

of burrows in  the beds immediately below and above the hardground in  

southeast S ic i l y  (Section 7 .2 .2 )  r e la t i v e  to  beds elsewhere in  the suc

cession th e re fo re  in d ica te s  slower sedim entation, a fe a tu re  which might 

be expected since the hardground i t s e l f  represents a pause in sediment

a t io n .

The presence o f borings in d ica tes  a l i t h i f i e d  substra te . Borings 

are commonly associated w ith  submarine hardgrounds and often  c ited  as 

proof o f  submarine l i t h i f i c a t i o n  (Bromley, 1968, 1970, 1972, 1975; 

Kennedy, 1975; Warme, 1975, 1977). The q u a n ti ty  o f borings is  u n l ik e ly  

to r e f l e c t  the dura tion  o f sedimentary omission (Bromley, 1975) s ince,  

given a favourab le  environment, a community of sponges and b ivalves can 

completely break down a limestone surface to a depth of several c e n t i 

metres in  a few years . The absence o f boring a c t i v i t y  to th is  degree in 

the southeast S i c i l y  hardground suggests th a t  the optimum conditions fo r  

c o lo n is a t io n  by borers were not a tta in ed  and th a t  the l im i t in g  fac tors  

l i s t e d  by Bromley (1975) had an e f f e c t .  However, since a l l  ex tan t boring 

organisms dominate the l i t t o r a l  and re e fa l  environments, and since hard

grounds can form in  a v a r ie ty  o f depths (F ischer & G arrison, 1967) i t  is  

suggested th a t  the southeast S ic i l y  hardground may have formed in depths 

too g rea t fo r  optimum co lo n is a t io n  by boring organisms.

4 .2 .4  Conclusions

Although burrow systems from the m id -T e r t ia ry  o f S ic i l y  have s e l 

dom been recognised l e t  alone described or id e n t i f i e d ,  two species of 

the burrow system Thalassinoides (T. paradoxica^ T. suevieus) and the 

boring Trypanites (T. weisei^ T. sp.J are  w idely  developed in association  

with carbonates o f Upper Oligocene and Lower Miocene age in both south

west and southeast S i c i l y .
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The morphology o f  T h a la ss in o id e s  burrows in S i c i l y  is  c lo se ly  

s im i la r  to th a t  o f burrows excavated in  Cretaceous, chalky l i t h o l -  

ogies in  England and Germany. In S i c i l y ,  however, the age o f  burrow 

form ation appears to  be Upper Oligocene -  Lower Miocene ra th e r  than 

Cretaceous. Extension of the species range from Upper Cretaceous to 

Lower Miocene is  co n s is ten t w ith  Bennett 's  (1980) id e n t i f i c a t io n  of  

both T. pa radox ica  and T. suevieus  from the Lower Miocene s h e lf  car

bonates o f  the M altese is lan d s .

D iffe re n ces  in  burrow morphology between T. paradox ica  and T. 

suevieus  can be ascribed to  the mechanical d i f f i c u l t i e s  o f burrow ex

cavation during hardground l i t h i f i c a t i o n  o f  the sediment, as argued by 

Bromley (1975) and Kennedy (1 9 75 ).  T. pa radox ica  is  considered to be 

the stenomorphic e q u iva len t o f  T. suevieus  and in d ica tes  the presence 

of an associated hardground. A hardground is  f u r t h e r  evidenced at  

Donnalucata in  southeast S i c i l y  by the presence o f  common T rypan ite s  

bores on a m in era lised  surface .

The profusion o f  T. suevieus  burrows in  the beds below and above 

the hardground in  southeast S i c i l y  suggest a slow depositional ra te  

immediately before  and a f t e r  hardground form ation . T ryp a n ite s  borings 

on the hardground s u rfa ce , although common, are not abundant, and have 

caused only a small amount o f b ioerosion . The hardground may th ere fo re  

have formed in  waters too deep f o r  optimum co lo n isa tio n  by boring organ

isms (which mostly occupy the l i t t o r a l  and re e fa l  environments).

By analogy w ith  o th e r  reported occurrences o f  T. paradoxica  and 

T. suev ieus , t h e i r  environment o f  form ation is in fe r re d  to be open s h e lf  

in  water depths o f  50-300 m under normal s a l in e  conditions. This is  

consis ten t w ith  the  environment in fe r re d  from: c o r a l l in e  red algae

( t h is  C h ap ter) ,  fa c ie s  associations (Chapter 2 ) ,  and phosphorites 

(Chapter 7 ) .
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C H A P T E R  5

DIAGENESIS

5.1 Carbonate diagenesis: Upper Oligocene Limestones

5 .1 .1  In tro d u c t io n

Widespread post depos it iona l d ia g en e tic  a l t e r a t io n  o f  the l im e 

stones is present in  th ree  forms: cementation, compaction and neo

morphism. The f i r s t  two have had considerable e f f e c t ;  neomorphism, 

although widespread, is  m inimal. In a d d i t io n ,  syn-cementation muds, and 

c ry s ta l  and p e l le t a i  s i l t s ,  plus d o lo m it is a t io n  are  present but only 

l o c a l ly  developed. Non-carbonate diagenesis takes the form o f  glaucon- 

i t i s a t i o n  o f  fo ra m in ife ra l  chamber i n f i l l s  and the formation o f ear ly  

d iag en e tic  p o r e - f i l l i n g  fe ld s p a rs ,  both found in the western Nadorello  

area and d e a l t  w ith  in  Chapter 6 and Section 5 .2  re s p e c t iv e ly .

The fe a tu re s  o f  carbonate diagenesis are described and discussed 

below. Four periods o f  cementation are recognised. The f i r s t  three  

periods are e a r ly ,  pre-compaction and o f  marine o r ig in .  The fourth  

period is  l a t e ,  post-compaction and o f  a fresh  water o r ig in .  Compaction 

is  represented by g ra in  r e d is t r ib u t io n  o r  r o ta t io n ,  g ra in  f ra c tu re  and 

pressure s o lu t io n  between g ra in s . Neomorphism is  represented by the 

common form ation o f  microspar and o ccas io n a lly  pseudospar. Neomorphic 

s yn tax ia l  overgrowths on echinoid  gra ins are also recognised but they 

are o f  l im i te d  occurrence as a re  the syn-cementation p o r e - f i l l e r s  and 

d o lo m it is a t io n .  The l a t t e r  is  found only  a t  San Biagio east where i t  is  

in fe r re d  to be o f  metasomatic o r ig in  unre la ted  to  the general depos it

ional and d ia g en e t ic  environments o f  the area.

5 .1 .2  Cementation

a) In tro d u c t io n

Four periods of cementation ( r e fe r r e d  to here by number from f i r s t  

( e a r l i e s t )  to fo u r th  ( l a t e s t )  period) are  e a s i ly  recognisable . A ll  cem

en ts , except where associated w ith  g la u c o n it ic  sediments, are non-ferroan  

ijKr SfcE VoAtE: 5 .3
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low magnesian c a lc i t e  (determined by s ta in in g  as o u t l in e d  in Appendix

I ) .  Where g la u c o n i t ic  sediments are involved ( in  western Nadorello

on ly ) the associated  cements show phases o f  fe rro a n  and non-ferroan  

c a lc i t e .

The c r i t e r i a  used fo r  reco g n it io n  o f  cement spar in th is  work 

were most o f  those l i s t e d  by Bathurst (1975, p . 4 17 -4 1 9 ) ,  namely:

1) There are two or  more generations o f  spar.

2) There are no r e l i c t  s tru c tu res  such as seen in  neomorphic

spar.

3) P a r t ic le s  composed o f m ic r i t e  are not a l te re d  to spar.

4) M echanica lly  deposited m ic r i te  is  present but una ltered .

5) Contacts between spar and p a r t ic le s  are sharp.

6 ) The margins o f the sparry mosaic coincide w ith  surfaces th a t

were once f r e e ,  such as surfaces o f  s k e le ta l  p a r t ic le s .

7) The spar l in e s  a c a v i ty  which i t  f i l l s  incom pletely.

8 ) The sparry mosaic occupies the upper p a rt  o f  a c av ity  whose 

lower p a r t  is  occupied by a more or less f l a t  topped in te rn a l (geo

p e ta l )  sediment.

9) The in te r c r y s ta l  1ine boundaries in  the mosaic are  made up 

of plane in te r fa c e s .

10) The s ize  o f  the c ry s ta ls  increases away from the i n i t i a l  

substra te  o f  the mosaic.

11) The c ry s ta ls  o f  the sparry mosaic have a pre fe rred  shape 

o r ie n ta t io n  w ith  longest axes normal or a t  a high angle to the i n i t i a l  

su bstra te  o f  the mosaic.

12) The mosaics are characterised  by a g re a te r  percentage o f  en- 

fa c ia l  ju n c tio n s  than would be expected f o r  neomorphic spar.

In  a d d it io n  to these c r i t e r i a ,  the presence o f  a l te rn a t in g  zones 

o f  fe rro an  and non-ferroan c a lc i t e  seen in syntax ia l echinoid overgrowths 

are  be lieved to be in d ic a t iv e  o f  cement ra th e r  than neomorphic over

growths (Evamy & Shearman, 1965).

b) F i r s t  Period

The f i r s t  period o f  cement is  represented by syntax ia l overgrowths,
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seen only on some echinoid gra ins  but from a l l  l o c a l i t i e s  except San 

Biagio east and west. I t  is  dusty in  appearance and occurs as th in  

(10-30 y)  jagged coatings w ith  peaks extended p a r a l le l  to the c - d i r -  

ection  o f the c ry s ta l  (ech inoid  g ra in )  (P la tes  5 . 1 - 5 . 4 ) .

c) Second Period

The second period o f cementation is  widespread. I t  occurs at  

a l l  the f ig u re d  l o c a l i t i e s  (Section  2 .3 )  in  a p o re - l in in g  pos it ion  and 

f i l l s  some o f  the sm alle r  pores. I t  is  g e n e ra l ly  poorly developed and 

only  a t  the San Biagio west l o c a l i t y  does i t  form a substantia l pore- 

l in in g  cement (P la te  5.28) .  I t  is  represented by a c le a r  spar (when 

viewed under the p e tro lo g ic a l  microscope) forming syntax ia l overgrowths 

on echinoid gra ins and scalenohedra and equant spar on o ther substrates  

(P la te s  5 . 1 - 5 . 5 ) .

I t  is  th ic k e s t  (up to  300 y) on echinoid  gra ins and shows p re f 

e r e n t ia l  growth in  the c -d i r e c t io n  o f  the c ry s ta ls  (P la te  5 .3 ) .  On 

o th e r  substrates i t  shows a v a r ia b le  development (P la te  5.2 ) .  Amphi- 

s teg in a^  S p iro o ly p eus  ̂ E e te ros teg ina^ O percu lina  and b iva lve  fragments 

commonly show rims o f  scalenohedra up to 80 y long v is ib ly  syn tax ia l on 

t h e i r  su b stra tes . Fenestra te  bryozoan fragments are also good s ites  

f o r  cementation (P la te  2 . 2 7 ) ,  t h e i r  chambers are commonly f i l l e d  by the  

second period o f  cement. Algal and mud substrates are poor s i te s :  

cement is  commonly not present o r  is  represented by occasional equidim- 

ensional c ry s ta ls  up to  40 y s iz e .  Lepidocycline fo ra m in ife ra  can 

e i t h e r  show t h e i r  chambers completely f i l l e d  by the second period of 

cement o r  the cement may be represented by only a few th in  scalenohedra 

i f  any a t  a l l .

In the g la u c o n it ic  limestones o f  western Nadorello (Section 6.2)  

th is  second period  o f  cement forms, on echinoid g ra in s ,  up to seven 

zones o f  a l t e r n a t in g  fe rro an  (s ta in ed  blue w ith  potassium fe r r ic y a n id e )  

and non-ferroan c a lc i t e .  These zones, w ith  sharp and gradational bound

a r ie s ,  a re  serra ted  in appearance w ith  apices extended in the c -d ire c t io n  

o f the c ry s ta l  (P la te  5 . 6 ) .
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d) Third Period

The th i rd  period o f cement is  found only a t  Nadorello  east 

(P la tes  5 .3 ,  5 .4 ,  5 . 7 - 5 .9 )  and in  blocks of b reccia  (formed by Mio- 

Pliocene f a u l t in g )  in  the San Biagio area (P la te  5 .1 0 ) a t  UB 372679 

and UB 392673. At N adore llo  east i t  is  present in the upper p a rt  of 

the succession a t  l o c a l i t y  B (F ig .  2 .1 )  but i t  is  not seen a t  A and C. 

The spar is  th e re fo re  local in  i t s  development. At both Nadorello  

and San Biago i t  forms a p o re - l in in g  (P la tes  5 .3 ,  5 .7 ,  5 .8 )  and f i l l s  

some o f the sm aller pores (P la te  5 .4 ) .  I t  is  dusty in  appearance, 

caused by an abundance o f inc lus ions  2-5  y in  s iz e ,  the la rg e r  of which 

are less fre q u e n t and opaque (P la te  5 .9 ) .  Where the spar nucleates on 

echinoid grains i t  is  s y n ta x ia l .  On other substrates i t  is  bladed, 

sometimes a c ic u la r  in  appearance forming rims 100-140 y th ick  on L. 
(Eulepidina), Amphistegina^ Spiroolypeus, Eetevostegina and Operoulina 
fo ra m in ife ra  where i t  can o ften  be seen to  be s y n ta x ia l ;  and rims 60- 

80 y th ic k  on a lg a l  and mud substrates (P la te  5 .7 ) .

e) Fourth Period

The fo u r th  period o f cement is  found only in the Nadorello area  

(P la tes  5 . 3 - 5 . 9 ) ,  the San Biagio west l o c a l i t y  and in breccia blocks 

from the San Biagio  area (P la te  5 .1 0 ) .  The spar is  c le a r ,  pore f i l l i n g  

and forms c e n t r ip e t a l l y  enlarged blocky mosaics (P la te  5 .7 )  or wide 

syntax ia l overgrowths on echinoid cement substrates (P la te  5 .3 ) .  In 

the western Nadorello  area where th is  cement is  associated w ith glauc

o n i t ic  limestones i t  is  o f fe rroan  c a lc i t e  throughout and shows none of 

the zones seen in  the second period (P la te  5 .6 ) .

f )  R e la t iv e  Timing

Timing o f the cements r e la t i v e  to  each other is evidenced by th e ir  

superimposition on echinoid g ra in s . Thus the f i r s t  period is  coated by 

the second period which is  subsequently coated by the th i rd  period and, 

in tu rn ,  coated by the fo u rth  period (P la te  5 .3 ) .  The cements can also  

be timed r e la t i v e  to  compaction. Thus the f i r s t ,  second and th i rd  per

iods p re -d a te  compaction and the fo u r th  post-dates i t .

The pre-compaction tim ing o f the second period cement (and
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th e re fo re ,  by in fe re n c e ,  the f i r s t  period) is  demonstrated by i t s  pres

ence on fra c tu re d  fo ra m in i fe ra ,  but never on the f ra c tu re  surfaces;  

and by i t s  p reservat io n  o f the o r ig in a l  g ra in  d is t r ib u t io n  and point  

contacts between gra ins where they are enclosed, or p a r t i a l l y  enclosed, 

in  echinoid overgrowths o f the cement (P la tes  5 .1 1 ,  5 .1 2 ) .  Elsewhere 

in the same rocks area l pressure s o lu t io n  contacts (notably  around the 

boundary o f the echinoid overgrowths. P lates 5 .1 ,  5 .2 )  p re va il  (P la te  

5 .1 1 )  s ince the second period cement does not form a substan t ia l rim to  

produce a r ig id  framework except a t  San Biagio west (P la te  5 .2 7 ) .  The 

pre-compaction tim ing o f the th i r d  period cement is  presumed, s ince , in  

the rocks where i t  occurs, there  are no compaction fea tures  and point  

contacts p re v a i l  throughout (P lates  2 .2 2 ,  5 .1 0 ) .

The post-compaction tim ing o f the fo u rth  period of cement is ev id 

enced by i t s  depos it ion  on f ra c tu re  surfaces; i t s  f i l l  o f  frac tu res  in 

b io c la s ts ;  and by i t s  presence as a p o r e - f i l l i n g  cement in  rocks which 

show common pressure s o lu t io n  contacts between gra in s .

g) Discussion

Carbonate sediments may be cemented in  both submarine and sub

a e r ia l  environments. However, d is t in c t io n  between cements formed in  

these two environments on the basis o f c ry s ta l  morphology alone is often  

f a r  from easy, as is  the d is t in c t io n  of neomorphic spar from cement spar. 

M ineralogy, oxygen isotope values and tra c e  element (notably  Sr and U) 

concentrations w ith in  the cementing mineral are b e t te r  indices of o r ig in  

than c ry s ta l  morphology. However, la t e  stage d iag en etic  a l t e r a t io n  as

sociated w ith  f in a l  subaeria l exposure fre q u e n tly  destroys e a r l i e r  min

e ra lo g ie s .  Aragonite  is  e i t h e r  d issolved or inverted  to c a lc i t e ,  and
P 1

Mg is  lo s t  from high magnesian c a lc i t e s ,  converting them to low mag

nesian c a l c i t e .  In  consequence, o r ig in a l  trace  element concentrations  

are a lso lo s t .  In  p r a c t ic e ,  th e re fo re ,  the morphology and sequence of 

cement generations are the most re a d i ly  a v a i la b le  and useful guides fo r  

d is t in g u is h in g  between submarine and subaeria l cements.

Marine cements f re q u e n t ly  have a dusty appearance whereas fre s h 

water cements are c le a r  (B a th u rs t,  1975; Wilson, 1975). According to
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Folk (1974) and Bathurst (1975) marine cements are  thought to be res 

t r ic t e d  to a mi c r i t i c ,  f ib ro u s  or bladed scalenohedral form whereas 

freshw ater cements commonly form blocky mosaics. The elongate hab it  

is  ty p ic a l  o f marine cements; sideways growth o f the c rys ta ls  is i n 

h ib i te d  by in co rp o ra t in g  Mg2+, and to a lesser  e x te n t ,  Na'*' in the 

l a t t i c e  (F o lk ,  1974; B a thurs t,  1975). Conversely, in  a freshwater en

vironment poisoning o f the l a t t i c e  by MgZ+ and Na"*" does not occur and 

th e re fo re  blocky, equant c ry s ta ls  can form. However, these features  o f  

marine and freshw ater cements are not hard and fa s t  ru le s .  Consequently, 

c le a r ,  blocky a ra g o n i t ic  cement has been described from the marine en

vironment (Land & Moore, 1980).

The f i r s t  th ree  periods o f cementation described above are e a r ly ,  

pre-compaction and are in fe r re d  to  be o f  marine o r ig in .  The f i r s t  and 

th i r d  periods are  both dusty and the l a t t e r  a lso shows common bladed 

scalenohedra l, sometimes a c ic u la r  growth form -  a l l  fea tures  o f marine 

cements. The second period o f  cement is  c le a r ,  composed o f p o re - l in in g  

scalenohedra, equant c ry s ta ls  and r e la t i v e l y  th ic k  syn tax ia l overgrowths 

on echinoid g ra in s . Where the spar is  associated w ith  auth igenic  glauc

o n ite  bearing deposits  the s yn tax ia l  overgrowths show seven zones o f  

a l te r n a t in g  fe rroan  and non-ferroan c a lc i t e .  Ferroan c a lc i t e  represents  

p r e c ip i ta t io n  in  reducing conditions whereas iron  f re e  c a lc i t e  forms in  

o x id is in g  conditions (Evamy, 1969).  The echinoid overgrowths there fo re  

record a l t e r n a t in g  re d u c in g /o x id is in g  c o n d it io n s ,  an environment which 

is c lo s e ly  s im i la r  to the environment evidenced by glauconite  formation  

(oxygen minimum zone. Section 6 .6 .2 )  and th e re fo re  the cement is in f e r 

red to  be s y n -g la u c o n it is a t io n ,  e a r ly  marine in  o r ig in .  This inference  

is su b stan t ia ted  by the exc lus ive  presence of these zoned cements in  

g la u c o n it ic  sediments (h ere , and in  the Lower Miocene limestones) when 

ferroan c a lc i te s  could conceivably form in  any environment below the 

water ta b le  (Evamy, 1969).

The mineralogy o f marine cement is  apparently  la rg e ly  con tro lled  

by temperature and the r e la t i v e  supersatura tion  o f the polymorphs of  

CaCOg in  seawater (B r ic k e r ,  1971; F o lk ,  1974; Bathurst, 1975). Aragon

i t e  is  g e n e ra l ly  p r e c ip i ta te d  in  r e la t i v e l y  warmer, shallower water
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w h i ls t  magnesian c a lc i t e  is  usu a lly  found in c o o le r ,  deeper w ater.  

However, in  d e t a i l ,  the s i tu a t io n  is  f a r  more complex since a t  shallow  

depths seawater is  supersaturated w ith  respect to  a l l  three polymorphs 

of Ca CO3 . Consequently, both a rag o n ite  and magnesian c a lc i te  can, 

and do, p r e c ip i t a t e ,  in  some cases tog e th er  (Alexandersson, 1972, 1974; 

Moberley, 1973; Schroeder, 1974).

W ithin the Chattian  limestones the bladed scalenohedral form, 

in d ic a t iv e  o f  an o r ig in a l  high magnesian c a lc i t e  m ineralogy, dominates 

in  the th i r d  period cement and in  consequence im plies th a t  i t  was pre

c ip i t a t e d  in r e la t i v e l y  deeper or cooler water than th a t  in which arag

o n ite  would be expected to  occur. The r e s t r ic te d  development of th is  

spar and more so, th a t  o f  the f i r s t  period cement and the poor to mod

e r a te ,  but widespread development o f the second period cement may also  

in d ic a te  c r y s t a l l i s a t io n  in  coo ler deeper environments which are l i k e ly  

to be less saturated  w ith  Ca CO3 r e la t i v e  to shallow warm water e n v ir 

onments .

The fo u r th  and f i n a l  period o f cementation is  a l a t e ,  post comp

a c t io n ,  c le a r ,  equant, blocky c a l c i t e  spar. Such spar is  c h a ra c te r is t ic  

o f cement p re c ip i ta te d  from meteoric water and i t s  la rg e  c rys ta l s ize  

would suggest c r y s t a l l i s a t io n  below the water ta b le  in the phreatic  en

vironment (F o lk ,  1974). Equant spar is  able to  grow once meteoric water 

has flushed MgZ+ from the sediment-pore f l u i d  system, the Mg : Ca r a t io  

being reduced from about 3 : 1 to 1 : 3. Once th is  prime in h ib i to r  to  

equant cement growth is  removed, then la rg e  c a lc i t e  c rys ta ls  can form 

p e r fe c t  rhombohedra, subhedral and anhedral c rys ta l  mosaics, w ith the  

la rg e s t  c ry s ta ls  representing  the slowest growth rates (F o lk ,  1974). I t  

is  possib le  th a t  the same c ry s ta l  mosaics could be produced by deep 

bu ria l o f  the sediment, where pore f lu id s  have an Mg : Ca r a t io  o f 1 : 2 

to 1 : 4 due to capture o f  Mg by dolomite and clays (F o lk ,  1974). How

ever, th is  is  not the case in  the Upper Oligocene since the area , and 

the "Western S i c i l y  Bridge" in  general has a h is to ry  o f  u p l i f t  from Upper 

Oligocene onwards (Section  3 .5 ) .

This fo u rth  period o f  cement is  found only in the rh o d o li th ic  

a lg a l packstone-wackestone fa c ie s  in  the cen tra l  p a r t  of the study area
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been protected from compaction by the th i rd  period cement (P la tes  5 .7 ,  

5 .8 ) .  The second and th i r d  fea tu res  are s e l f  ev id en t when the rocks 

are examined in  th in  s ec t io n . Pressure so lu tio n  is  by f a r  the most 

common fe a tu re .

Most contacts between grains are  accommodatory ( i . e .  one grain  

goes in to  s o lu t io n  in  preference to  i t s  neighbour). M ic ro s ty lo l i te s  

(P la te  5 .1 4 )  are ra re  but do o c cas iona lly  occur a t contacts between 

grains o f  Eeterostegiruxy Opereulvna, Spirootypeus and Amphistegina f o r 

a m in ife ra .  F in e r  grained rocks (coarse sand s ize  g ra in s) tend to show 

less e f fe c ts  o f  pressure so lu t io n  than t h e i r  coarser grained counter

parts  a t  the same l o c a l i t y  (compare P la te  2.31 w ith  P la te  5 .1 5 ) .  This 

is  l i k e l y  to  be the r e s u l t  o f the g re a te r  amount o f gra in  contacts in 

the f i n e r  grained rocks thus d is s ip a t in g  the pressure.

The various grains present have reacted d i f f e r e n t l y  to  the ex

cessive pressure. Echinoid grains with t h e i r  overgrowths r a r e ly ,  i f  

e ve r ,  go in to  s o lu t io n  ( i t  is  always t h e i r  neighbours which take p r e f 

e r e n t ia l  s o lu t io n ;  P lates  5 .1 ,  5 .2 )  and they never f ra c tu re .  Algae are 

the most su scep tib le  to  f r a c tu r e  and pressure s o lu tio n  and commonly go 

in to  s o lu t io n  in  preference to  t h e i r  neighbours. Occasionally pressure 

s o lu tio n  o f an a lg a l  c la s t  may be so extens ive  th a t  i t  appears " in t e r 

s t i t i a l "  to the o ther grains (P la te  5 .1 5 ) .  Where lep id o cyc lin e  foramin

i f e r a  (and in p a r t ic u la r  L. (Nephrolepidina)) are abundant and subjected 

to excessive pressure t h e i r  outer chamber w a lls  and septa p r e fe r e n t ia l ly  

go in to  s o lu t io n  and w ith  probable loca l r e p r e c ip i ta t io n  o f th is  calcium  

carbonate, i t  re s u lts  in  a massive c a lc i t e  boundary between grains (P la te  

2 .3 2 )  (pressure welding o f  B athurs t,  1975). Eeterostegina, Operculina 
and Spiroclypeus have reacted to the excessive pressure by common f r a c 

tu r in g  o f  the t e s t  (P la te  5 .1 6 ) ,  so lu tio n  o f  the th in n er in te rn a l  septal 

w alls  (P la te  5 .1 7 )  and occasional apparent d u c t i le  deformation. D ucti le  

deformation a lso  occurs in  some L. (Eulepidina) bearing rocks (P la te  

5 .1 8 ) .  Rock fragments vary in t h e i r  re ac tio n  to  the excessive pressure, 

some go in to  s o lu tio n  in  preference to  t h e i r  neighbours, others do not 

(P la te  5 .1 9 ) .
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(Section 2 . 4 . 4 ) .  I t  is  not seen in  the fo ra m in i fe ra l  g ra instone-pack-  

stones found to  the east and west. The cement records probably the 

f i n a l  period of u p l i f t  in to  the p h re a t ic  environment. I t s  absence from 

the fo ra m in i fe ra l  grainstone-packstones could suggest th a t  these lim e

stones were c a r r ie d  s t i l l  h igher in to  the vadose environment, possibly  

con s is ten t w ith  t h e i r  s i tu a t io n  on d i f f e r e n t  s t ru c tu ra l  un its  to the 

rh o d o l i th ic  a lg a l  packstone-wackestones (Section 2 .6 ) .

In g en era l ,  these la t e  stage freshw ater cements have a local 

source f o r  t h e i r  c a lc i t e ,  u su a lly  a ra g o n it ic  b io c la s ts  w ith in  the same 

lim estone. Thus Friedman (1 9 6 4 ) ,  Bathurst (1 9 66 ) ,  Land et al. (1967 ),  

Bennett (1980) and Buchbinder & Friedman (1980) a l l  concluded th a t  d is 

solved a ragon ite  is  lo c a l ly  p re c ip i ta te d  as c a l c i t e .  P in g ito re  (1970) 

found th a t  almost a l l  (80%) c a lc i t e  p re c ip i ta te d  in P leistocene lim e

stones o f Barbados was derived from the loca l d is s o lu t io n  o f aragonite .  

The general lack of la t e  stage blocky cement in  the Upper Oligocene of  

southwest S i c i l y  along w ith  the lack o f any a ra g o n it ic  fauna adds f u r 

th e r  weight to  th is  loca l source theory . A possible source fo r  the  

fo u rth  period cement could be local Upper Miocene -  Quaternary lim e

stones which have an abundant leached gastropod/b iva lve  fauna. This 

proposed semi-autochthonous source may exp la in  why the spar is  r e s t 

r ic t e d  in occurrence since much o f the dissolved calcium carbonate may 

have been r e p r e c ip i ta te d  before  reaching the Upper Oligocene.

5 .1 .3  Compaction

a) Observations

Compaction is  widespread. I t  is  found in a l l  porous rocks ex

cept where the th i r d  period cement is  found (Section 5 .1 .2 d )  or where 

the second period has formed a s u b stan t ia l  rim (San Biagio west o n ly ) .

I t  has had considerable  e f f e c t  and has re su lte d  in :  the ro ta t io n  and

r e d is t r ib u t io n  o f g ra in s ,  f ra c tu re  o f  grains and pressure so lu tion  

between g ra in s . The f i r s t  is  evidenced by an in te r lo c k in g  te x tu re  and 

bedding p a r a l le l  o r ie n ta t io n  o f  Eephrolepidina (P la tes  2 .3 2 ,  5 .12 ) in 

a rock dominated by th a t  genus. I t  is  a lso  in fe r re d  from the lack of  

any la rg e  pore space in  rocks which have undergone compaction (P lates  

5 .1 1 ,  5 .1 3 ) .  Such pore space is  preserved in  s im i la r  rocks which have
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b) Discussion

Most limestones show l i t t l e  evidence o f  compaction (P ray , 1960; 

Z a n c l , 1969) and f o r  th is  reason, i t  is  u su a lly  in fe r re d  th a t  an e a r ly  

phase o f  cementation has taken place to  g ive  the sediment r i g i d i t y  

(B a th u rs t ,  1975). Meyers (1 9 8 0 ) ,  however, describes s ke le ta l  l im e

stones from the Carboniferous o f  New Mexico in which in te rg ra n u la r  por

o s i t ie s  are  commonly reduced by 50% and more r a r e ly  by up to 75%, ac

complished by both mechanical ( r o t a t io n  and breakage) and chemical 

(pressure s o lu t io n )  processes.

In sediments conta in ing  ostracods, th in  shelled  brachiopods, 

abundant fe n e s t ra te  bryozoans and echinoid debris Meyers found th a t  d e f

ormation progressed from breakage o f  brachiopods and ostracods accomp

anied by g ra in  repacking ( r o t a t io n  and r e d is t r ib u t io n )  in to  rocks showing 

increasing  breakage, p la s t ic  deformation and pressure so lu tion  o f bry

ozoans. The most compacted rocks show common pressure so lu tion  and oc

casional breakage o f  echinoderm fragments. Overburden, s k e le ta l  a rc h i 

te c tu r e ,  pre-compaction d iagenes is , cl ay mineral presence and pore f lu id  

chemistry a l l  had an in f lu e n ce  on the degree o f  compaction, but Meyers 

concluded th a t  shell a rc h ite c tu re  and pore f l u i d  chemistry were the most 

important in  promoting compaction. M ic ro c ry s ta l l in e  grains (mostly  

bryozoans) were more susceptib le  to  mechanical and chemical compaction 

than s in g le  c rys ta l  echinoderms o f  the same order o f  s iz e .  This was ex

p la ined  by slippage o f  neighbouring c ry s ta ls  in  m ic ro c ry s ta l l in e  grains  

allow ing breakage and p la s t ic  deformation w h i ls t  h igher s u s c e p t ib i l i t y  

to pressure s o lu t io n  was explained by a higher surface area to volume o f  

s k e le ta l  c a lc i t e  in  bryozoans to  th a t  in echinoderms.

In  the  s i tu a t io n  described by Meyers, pore f l u i d  chemistry was of  

prime importance in  chemical compaction (as im plied by the th e o re t ic a l  

work o f  Weyl, 1959). Q u a l i t a t i v e ly ,  the g re a te r  degree o f  undersatura

t io n  w ith  respect to CaCOg, the les s er  the amount o f overburden needed 

to cause in te rg ra n u la r  and in t ra g ra n u la r  pressure s o lu t io n . Meyers con

cludes t h a t  fresh  w ater p h re a t ic  lenses invaded the sediments (geolog

i c a l l y )  soon a f t e r  depos it ion  in  response to  sea leve l changes and th a t  

th is  fre s h  w ater enhanced chemical compaction.
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Compaction in  the  Upper Oligocene lim estones o f  southwest S i c i l y  

is  enhanced by a poorly  developed p o r e - l in in g  s p a r ,  but i t  shows sim

i l a r i t i e s  to  t h a t  described  by Meyers (1 9 8 0 ) .  M ic ro c ry s ta l  1 ine  gra ins  

( e s p e c ia l l y  c o r a l l i n e  red a lg ae )  break and go in to  s o lu t io n  more r e a d i ly  ; 

on occasions O p e r a u l in a /H e te r o s te g in a  and r a r e ly  L. ( E u le p id in a )  deform 

in  a p l a s t i c  manner. In  comparison, echinoid  fragments never f r a c tu r e  

and never e n te r  pressure  s o lu t io n .  Repacking o f  g ra in s  has occurred  

throughout except where the dusty m arine t h i r d  period o f cement occurs  

p re ve n tin g  compaction and preserv ing  g ra in  d i s t r ib u t io n  (compare P la te  

5 .8  w ith  P la t e  5 .1 9 ) .  The amount o f  compaction i s ,  however, less  than  

th a t  d e sc r ib e d  by Meyers. This may be due to a combination o f  a number 

o f  reasons in c lu d in g :

(1 )  Absence o r  low q u a n t i t ie s  o f  c lay  m inera ls  (none have been 

found in  the  l im e s to n e s ) .

( 2 )  The presence o f  pore so lu tio n s  which d id  not become grossly  

u n d e rs a tu ra te d  w ith  respect to CaCOg u n t i l  overburden was l i f t e d  (under

s a t u r a t io n  m ust, however, have occurred since some pressure s o lu t io n  is  

p r e s e n t ) .

(3 )  A r e l a t i v e l y  small amount o f  overburden. This is  poss ib le  

s in ce  th e  lim estones  are  s itu a te d  on a topographic  h ig h , which is  un

l i k e l y  to  be the  s i t e  o f  th ic k  successions.

(4 )  Near monomineralic sediments, they are composed m ainly  o f  

b enthon ic  f o r a m in i f e r a ,  ech inoid  and red a lg a l  d eb ris  a l l  o f  which were 

o r i g i n a l l y  high magnesian c a lc i t e .  Had the sediment been p o ly m in e ra l ic ,  

then a ra g o n i te  m ight be expected to  go in to  s o lu t io n  before  magnesian 

c a l c i t e ,  and magnesian c a lc i t e  in to  s o lu t io n  before  non-magnesian c a l 

c i t e ,  provided th a t  the  pore s o lu t io n  was not supersatura ted  w ith  resp

ec t to  a l l  th re e  polymorphs.

(5 )  The presence o f  d i f f e r e n t  m ic r o c r y s t a l l in e  g r a in s ,  than 

those encountered by Meyers (1 9 8 0 ) .  The benthonic fo ra m in i fe ra  present  

here may be more r e s is ta n t  to  pressure s o lu t io n  and breakage.

F i n a l l y ,  an in te r e s t in g  fe a tu r e  common to both o f  these compacted 

l im estones  (d e s cr ib e d  h e re ,  and by Meyers, 1980) is  th a t  they  both con

t a i n  r e l a t i v e l y  common e c h i noderm fragments (p o s s ib ly  abundant in  some
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of Meyers' ro cks ).  Echinoid p la tes  form the best hosts f o r  cementa

t io n ;  they are s in g le  c ry s ta ls  o f  c a lc i t e  w ith  suppressed growth in  the  

c -d i r e c t io n .  Consequently, when re leased from the echinoid t e s t ,  they  

re a d i ly  accept CaCOg from s o lu t io n .  In deep cool marine environments 

where the water is  not supersaturated w ith  respect to CaCOg, p r e c ip i t 

a t io n  w i l l  p r e f e r e n t ia l l y  occur a t  th e  echinoid fragment forming wide 

overgrowths there  a t  the  expense o f  a su b stan t ia l p o re - l in in g  spar.

When buried th is  sediment w i l l  be susceptib le  to compaction.

5 .1 .4  Neomorphism

a) In tro d u c t io n

Neomorphism is  represented by the common formation o f  microspar 

(seen a t  a l l  l o c a l i t i e s .  P la tes  5 .2 0 ,  5 .2 1 )  and o c cas io n a lly  pseudo

spar from carbonate mud. I t  is  a lso  represented by syntax ia l over

growths on echinoid  g ra in s ,  some fo ra m in ife ra  and b iva lve  fragments. In

a l l  cases carbonate mud is  replaced. Usually  mud m atrix  is  replaced but

on some occasions the  mud in  pelo ids is  p a r t i a l l y  replaced to  g ive a 

gramuleuse s tru c tu re .  B io c las ts  and l i t h o c la s t s  (o th e r  than contempor

aneous in t r a c la s ts )  show no signs o f  neomorphism.

The c r i t e r i a  used f o r  the reco g n it io n  o f  neomorphic spar were 

those given by Bathurst (1975, p .484-491) namely: a gradational junc tion

between u n a lte red  m ic r i te  and spar c r y s ta ls ;  c rys ta l  diameters commonly 

5-10 y and o ccas io n a lly  up to  50 y ; i r r e g u la r  v a r ia t io n s  in  spar crysta l  

s iz e  from place to p la ce , and lack o f the more uniform vectora l s ize  

change found in  cement spar; r e l i c s  o f  primary m ic r i te  freq u e n tly  found 

w ith in  areas o f  spar; and, the spar lacks the fe a tu res  normally a t t r ib u te d  

to cement spar (Section  5 .1 .2 a ) .

b) Syntaxia l Overgrowths

Neomorphic syn tax ia l overgrowths on echinoid grains are not common 

and were id e n t i f i e d  only from the Tombe S icani and Nadorello east lo c a l 

i t i e s .  At Tombe S icani (F ig .  2 .8 )  the  overgrowths are  found in  wacke- 

stones w h i ls t  a t  Nadorello  east (F ig .  2 .2 )  they are found in  f u l l y  cemen

ted packstones. D i f f e r e n t  c r i t e r i a  are used to  d is t in g u ish  the overgrowths
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from cement overgrowths in each case.

In the wackestones (P la tes  5 .2 2 ,  5 .2 3 )  the overgrowths are d is 

t inguished from t h e i r  cement counterparts  in  th a t :  they commonly have

in d is t in c t  boundaries w ith  the ad jacent microspar or mud; they are o ften  

th in n e r  than cement overgrowths, commonly less  than h a l f  the th ickness; 

and they a re  found in rocks w ith  wackestone, m atr ix  supported tex tu res .  

The gra ins  are  thought not to be derived complete w ith  overgrowths since 

the d e l ic a te  s truc tu res  o f  the overgrowths are preserved and since the 

enclosed gra ins  are themselves rounded to  subrounded.

In the cemented packstones (P la tes  5 .2 0 ,  5 .2 1 ) neomorphic over

growths a re  recognised by t h e i r  replacement of microspar. The over

growths are la r g e ,  f i l l i n g  a l l  the neighbouring in te r c la s t  space which, 

elsewhere in  the same rock, is  commonly p a r t i a l l y  f i l l e d  by mud sub

sequently a l te re d  to  microspar. In the  region occupied by the over

growths, however, mud o r  microspar is  never seen; i t  is  presumably 

replaced by the overgrowth. Since the rocks in which these overgrowths 

are found are f u l l y  cemented (by fo u r th  period cement) i t  seems l i k e l y  

th a t  the overgrowths are  p a r t  cement, p a r t  neomorphic and th a t  th is  

might account f o r  t h e i r  la rg e  s iz e .

Syn tax ia l neomorphic overgrowths found on b ivalves and some f o r 

am in ifera  (H e tevoS teg ina /O percu lina  fragments) are  found only in the  

wackestones o f  the Tombe Sicani l o c a l i t y .  T h e ir  id e n t i f i c a t io n  as neo

morphic in o r ig in  res ts  on the f a c t  th a t  they are found in rocks w ith  

wackestone te x tu re s  (P la te  5 . 2 3 ) ,  and th a t  t h e i r  d e l ic a te  s tructures  are  

u n l ik e ly  to  surv ive  t ra n s p o r t .

c) Discussion

In g e n e ra l ,  the precise  tim ing o f  neomorphic a l t e r a t io n  in  r e la 

t io n  to  cement p r e c ip i ta t io n  is  not w holly  known. Cull is  (1904) and 

Schlanger (1964) thought th a t  the process could be i n i t i a t e d  e a r ly  in  

an unconsolidated sediment. Folk (1974) considered neomorphism to be a 

subaeria l phenomenon, possib ly  l in ke d  to the f lu s h in g  o f  MgZ+ from the  

sediment. Bathurst (1975) s ta ted  th a t  i t  operated a t normal temperature
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and pressure. Both authors agreed th a t  the f lo w  o f  meteoric water was 

im portant. Buchbinder & Friedman (1980) found the process to be ind

ic a t iv e  o f  the vadose environment, whereas Mazzullo (1980) found i t  to 

be re p re s e n ta t iv e  o f  fresh w a te r  vadose and b u r ia l  environments.

Neomorphism o f  lim e mud to microspar and occas iona lly  pseudo

spar is found throughout the  Upper Oligocene limestones. I t  is  prob

ably the re s u l t  o f  u p l i f t  in to  the vadose and p h re a t ic  environments 

(and th e re fo re  i t  is  contemporaneous w ith  fo u r th  period cement) since  

f resh  w ater is  ap paren tly  required  f o r  the  process to occur. I t  is 

most ev iden t in  h igh ly  porous packstones, mostly in  the fo ra m in ife ra l  

gra instone packstone f a c ie s ,  where they have not been cemented by the  

dusty marine spar o f  the th i r d  period o f  cement. This lo c a t io n  in  

porous rocks supports in ferences th a t  neomorphism is  dependent on the 

c ir c u la t io n  o f  pore f l u i d .  I t s  le s s e r  e f f e c t  in rocks cemented by the 

th i r d  period o f  cement could be the re s u l t  o f :  c losure o f  many o f the

sm alle r  pores by th is  cement; p ro te c t io n  o f  the mud from the pore f lu id s  

by the  th ic k  cement coat; o r  1 i t h i f i c a t i o n  o f  the mud which may have 

taken place a t  the  time o f  cementation.

Apart from the  occasional development of pseudospar, aggrading 

neomorphism is  not present. Even in the case o f the pseudospar, i t  is 

s t i l l  on ly  carbonate mud th a t  is  neomorphosed. Aggrading neomorphism is  

thought to  be dependent on a source o f unstable or supersoluble carbon

ate  c ry s ta ls  (a ra g o n ite  o r  high magnesian c a lc i t e )  which act as n u c le i i  

f o r  the i n i t i a l ,  heterogeneous process (F o lk ,  1974) ( th e  nucléation  

stage of B a th u rs t,  1975). The lack  o f  a ra g o n it ic  b io c las ts  and the con

version  o f  magnesian c a lc i t e  to  c a lc i t e  upon contact w ith  meteoric water  

may exp la in  why aggrading neomorphism has had l i t t l e  e f fe c t  on the  

Chattian  limestones.

5 .1 .5  Syn-cementation Pore F i l l e r s

a) Observations

Syn-cementation p a r t ia l  and complete pore f i l l  is  present a t  two 

l o c a l i t i e s :  Nadorello  east (F ig .  2 .2 )  and San Biagio west (F ig .  2 .6 ) .

At both l o c a l i t i e s  the deposits are not common. They post-date the
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second and predate the fo u r th  period of cement. At Nadorello east the 

r e la t io n s h ip  with the th i r d  period cannot be seen.

At Nadorello  east p e l le t a i  s i l t s  are found. They are geopetal 

in p o s it io n ,  they r a r e ly  com pletely  f i l l  pore space, and t h e i r  dep o s it

ional surfaces can be curved or a t  several d i f f e r e n t  angles to the 

sedimentary bedding (P la tes  5 .2 4 - 5 .2 6 ) .  P e l le ts  are 7-20 y s iz e ,  formed 

of f in e  mi c r i t i c  carbonate, and are round w ith d i f fu s e  boundaries. 

Commonly p e l le ts  coalesce to form mud masses w ith  some de tectab le  p e l le t  

boundaries (P la te  5 .2 6 ) .

At San Biagio west mixtures o f  mud, c ry s ta ls  and opaque p e l le ts  

are found (P la tes  5 .2 7 ,  5 .2 8 ) .  They commonly completely f i l l  pore space; 

or where p a r t ia l  f i l l  is  present t h e i r  d ep o s it io n a l surfaces are f l a t  

and p a r a l le l  to  sedimentary bedding. Both c ry s ta ls  (5-15 y s ize )  and 

opaque p e l le ts  (10 -40  y s iz e )  are common and mixed evenly in  the mud.

This secondary pore f i l l  is  d i f f e r e n t  to  any m atr ix  deposited w ith the 

o r ig in a l  sediment, which is  composed o f mud w ith  small a lg a l and foramin

i f e r a l  fragments.

These two types o f secondary pore f i l l  described above are petro -  

g ra p h ic a l ly  d i f f e r e n t ,  occur a t  separate l o c a l i t i e s  and may represent 

two unre la ted  periods o f genera tion . They a re ,  however, s im i la r  in th a t  

they both occupy a post-second, p re - fo u r th  period o f cement p o s it io n .

b) Discussion

Geopetal s i l t s  s im i la r  in  appearance to those seen a t  Nadorello  

east and syn-cementation in  p o s it io n  have been described from a Permian 

wackestone mound in New Mexico by Dunham (1969) who in te rp re ted  them to  

be o f vadose environment d ep o s it io n . Dunham argued th a t  only in th a t  

environment would pore water v e lo c i t ie s  be f a s t  enough to  carry  the s i l t  

s ize  p a r t ic le s .  The absence of c lay  s ize  m ateria l is  explained by the 

p r e fe r e n t ia l  s o lu t io n  o f these p a r t ic le s  in  the meteoric water due to  

t h e i r  la rg e  surface area to  volume r a t i o  whereas sand s ize  m ateria l is  

absent because i t  is  too big to  pass in  the pore system. Dunham was un

sure about the source fo r  the p a r t ic le s  but concluded th a t  they were
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derived from the primary sediments of the mound.

The p e l le t a i  s i l t s  found a t  Nadorello  e a s t ,  f o r  the reasons set  

out by Dunham, are also l i k e l y  to  be of vadose environment o r ig in .

This suggests th a t  the area under study was u p l i f t e d  in to  the vadose 

environment a f t e r  cement period two (and most l i k e l y  a f t e r  period th ree )  

and then subsided back in to  the p h re a t ic  environment to a llow  fourth  

period cement p r e c ip i ta t io n .  A more p la u s ib le  e xp la n a t io n , however, 

would be th a t  the area was u p l i f t e d  in to  a p o s it io n  where a f lu c tu a t in g  

w ater ta b le  could provide the two required (vadose and p h re a t ic )  e n v ir 

onments.

At San Biagio west these d ia g e n e tic  sediments are d i f f e r e n t  in  

appearance: they contain a la rg e  q u a n ti ty  o f  mud. However, i t  is in 

fe r re d  here th a t  they are o f  a s im i la r  vadose environment o r ig in  since  

they occupy the same post second cement p o s it io n  and since they are also  

d i f f e r e n t  from primary m atr ix  in  the sediment and th e re fo re  could not 

be considered to  be o f  primary o r ig in .  The la rg e  amount o f  mud could 

be expla ined by ra p id  t ra n s p o r ta t io n  t o ,  and b u ria l i n ,  a pore space and 

th e re fo re  not g iv in g  s o lu t io n  time to take place.

5 .1 .6  D o lo m it is a t io n

Dolom ite , id e n t i f i e d  by i t s  lack  o f  s ta in  w ith  A l iz a r in  red-S , is  

present only in  the lower 22 m o f  the San Biagio east succession. I t  

occurs as equant anhedral and subhedral c ry s ta ls  and as euhedral rhombs 

(50-100 y s iz e )  rep lac ing  mud m a tr ix ,  te x tu la r id s  and algae (P la te  5 .2 9 ) .  

I t  is  not common, forming a t  most 2-3% o f  the rock.

This r e s t r ic te d  occurrence, not associated in any way w ith  a 

change in  fa c ie s  in  the Upper O ligocene, suggests th a t  the  dolomite is  

not e a r ly  d ia g e n e t ic ,  since dolomite o f  th is  type is  associated with  

shallow marine and su p ra t id a l deposits (Ginsburg, 1975),  whereas the 

Upper Oligocene has an in te rp re te d  s h e lf  environment (Sections 2 .5  & 2 .6 )

in waters o f  80-250 m depth. N e ith e r  is  the dolomite l i k e l y  to be o f

deep b u r ia l  genesis since th is  would produce widespread massive dolomites

(Mattes & Mountjoy, 1980).
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D o lo m it is a t io n ,  s im i la r  in  aspect, is  found in  Cretaceous to  

M iddle Oligocene limestones a t  Mt Kronio (3 km to the east of Sciacca) 

to the south of the study a rea , reported by Mascle (1973, 1979), and 

believed to  be the r e s u l t  o f hot springs and fumeroles known there .

The r e s t r ic te d  occurrence a t  San Biagio may be of s im i la r  metasomatic 

o r ig in  since i t s  presence is  not con s is ten t w ith  the regional d epos it

ional and d ia g e n e tic  p a tte rn s .

5 .1 .7  Conclusion

Four periods of cementation are  id e n t i f ie d  and described. The 

f i r s t  th ree  are e a r ly ,  pre-compaction and of marine o r ig in  w h ils t  the 

fo u rth  is  l a t e ,  post-compaction and of a freshwater p hreatic  o r ig in .

A l l  are e i t h e r  r e s t r ic t e d  in  occurrence or are poorly developed. A l 

though the second period cement is  c le a r  and th e re fo re  might be thought 

of as fresh  water in  o r ig in ,  the occurrence o f fe rroan  c a l c i t e /c a lc i t e  

zoning in  echinoid overgrowths where the cement is  associated with  

auth igen ic  g laucon ite  sediments suggests th a t  the cement is  syn-glaucon- 

i t i s a t i o n  in  o r ig in  and th e re fo re  marine. The common bladed scaleno

hedral h a b it  o f  the dusty th i r d  period cement suggests th a t  i t  was prob

ably p re c ip i ta te d  as high magnesian c a l c i t e .  T h is ,  along w ith the res 

t r ic t e d  or poor development o f the f i r s t  th ree  periods o f cement, suggests 

p r e c ip i ta t io n  in  deeper, coo ler  less saturated  (w ith  respect to CaCOg) 

waters and would agree w ith  the water depth of 80-250 m suggested by the  

sediments (Section 2 . 5 . 6 ) .

The la t e  fo u rth  period cement probably r e f le c t s  f in a l  u p l i f t  of 

the sediments in to  the realm o f  fresh  w ater . I t  is  of phreat ic  o r ig in  and 

is p re-dated  by a period o f  vadose p o r e - f i l l e r s  found only in the rhodo

l i t h i c  a lg a l  packstone -  wackestone fa c ie s .  Calcium carbonate fo r  th is  

la te  cement is  possib ly  derived from the semi-autochthonous d isso lu tio n  

of a ra g o n it ic  molluscs in  nearby Upper Miocene -  Quaternary limestones. 

Such la t e  cements o ften  have a source w ith in  the host limestone. The poor 

development o f  the spar here probably r e f le c t s  the absence o f a ragon it ic  

b io c las ts  in  the Upper Oligocene limestones.

Compaction, timed as post th i r d  pre fo u rth  period of cement, is
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widespread and has had considerable  e f f e c t  re s u l t in g  in ro ta t io n  or re 

d is t r ib u t io n  of g ra in s ,  f ra c tu re  of grains and pressure so lu tio n  between 

gra in s . C o ra l l in e  red a lg a l c la s ts  are found to  be the most susceptib le  

to f r a c tu r e  and pressure so lu tio n  whereas echinoid grains are the most 

r e s is ta n t .  Compaction is  enhanced by the poor marine cementation in 

echinoid bearing rocks but i t  is  probably in h ib i te d  by the near mono

mineral ic  sediment and the s k e le ta l  a rc h ite c tu re  o f the abundant benth

onic fo ra m in ife ra  present.

F in a l l y ,  neomorphism is  widespread and is  represented by the com

mon formation o f microspar and occas iona lly  pseudospar from carbonate 

mud. I t  a lso  takes the more r e s t r ic te d  form as syn tax ia l  overgrowths on 

echinoid g ra in s ,  b iva lve  fragments and some fo ra m in ife ra .  The general 

absence o f aggrading neomorphism is  a t t r ib u te d  to  the lack o f a rag o n it ic  

m ateria l  in  these near monomineralic sediments. Neomorphism is  genera lly  

r e la te d  to  freshw ater environments and th e re fo re  in  southwest S i c i l y ,  i t  

is  probably contemporaneous w ith  u p l i f t  in to  the vadose and phreat ic  

environments and w ith  fo u rth  period cementation.

5 .2  D iagenetic  Feldspars: Upper Oligocene Limestones

5 .2 .1  In tro d u c tio n

Unweathered euhedral and subhedral c ry s ta ls  o f  fe ldsp ar (P lates  

5 .3 0 ,  5 .3 1 ) ,  100-400 y in  len g th , forming some 2-3% bulk composition of 

the rock , occur evenly d is t r ib u te d  in  the lower 3-4 m o f Upper Oligocene 

succession in  southwestern N adore llo . The beds are located 6 -8  m above 

Cretaceous chalk outcrops but the unconformity between the two is  not 

exposed and the precise  p o s it io n  cannot be ascerta in ed . The c rys ta ls  are 

c le a r  and lack inc lus ions  in d ic a t in g  th a t  they are e a r ly ,  pre-compaction, 

p o r e - f i l l e r s  ra th e r  than la t e  replacement in  o r ig in .  They embay b io 

c las ts  as a r e s u l t  o f  compaction and pressure s o lu t io n .

Twelve separate fe ld s p a r  grains from two th in  sections were anal

ysed using an e le c tro n  microprobe housed a t  the Department o f Earth 

Sciences, U n iv e rs i ty  of Cambridge. The absolute abundances o f the elem

ent oxides are  given in Table 5.1 w h i ls t  the N a:K :C a ion ic  ra t io s  are 

p lo tted  in Figure 5 .1 .
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5 .2 .2  Microprobe Results

In Table 5.1 the analyses of fe ld sp ar  cores (C) are d istinguished  

from rims (R ). From the analyses i t  can be seen t h a t ,  w ith two excep

t io n s ,  there  is  l i t t l e  change in  composition from core to r im . Two 

analyses were made of adjacent areas in  the core of FEL 1 to  i l l u s t r a t e  

the amount of chemical v a r ia t io n  in  a s in g le  core (which id e a l ly  should 

be homogeneous). Comparison of these re s u lts  with the analyses of cores 

and rims of o ther gra ins  suggests th a t  a l l  the gra ins except FEL 6 and 

FEL 11 are  homogeneous. There i s ,  however, a v a r ia t io n  in  the chemistry 

between gra ins (discussed below). FEL 6 and FEL 11 are zoned with K 

enriched/Na depleted cores r e la t i v e  to  t h e i r  r im s. The v a r ia t io n  o f K, 

however, is  not apparent u n t i l  p lo tte d  a g a in s t Na and Ca in Figure 5 .1 .

In F igure 5.1 fe ld s p a r  cores are id e n t i f i e d  from rims by symbol. 

The analyses p lo t  in  the anorthoclase and o lig o c la s e  fe ld sp a r  f ie ld s  

(as defined  in  Deer et al., 1963, V o l.  4 , F ig .  1) and may be re fe rre d  to 

as c a lc ic  anorthoclase and sodic o l ig o c la s e .  With the exception o f two 

points (the  cores of both zoned c ry s ta ls )  a l l  the analyses p lo t  on a 

l in e  with l i t t l e  s c a t te r .  The cores and rims of in d iv id u a l c rys ta ls  

p lo t  c lose to  each o ther on the l in e .

This l in e  may record a d ia g en e tic  evo lu t io n  from fe ldspars which 

are K enriched/Na depleted to  those which are K depleted/Na enriched.

The two zoned c ry s ta ls  show ju s t  th is  tren d . The ir  cores p lo t  outside  

the l in e a r  group of analyses but t h e i r  rims p lo t  w ith in  the group. The 

cores may rep resen t an e a r l i e r  period o f fe ld s p a r  formation when pore 

so lu tions  were even more K enriched/Na dep leted . The rim s, however, 

have formed during the main period o f fe ld s p a r  form ation . In the same 

manner, i t  is  suggested th a t  c ry s ta ls  which form e a r ly  during th is  main 

period of fe ld s p a r  form ation p lo t  towards the K enriched/Na depleted end 

of the l i n e ,  w h i ls t  those which form la t e  p lo t  towards the K depleted /

Na enriched end.

5 .2 .3  Discussion

D iagenetic  fe ldsp ars  may be e i t h e r  sodic or potassic , although 

the former are most common in  carbonate rocks (Kastner, 1971; Kastner &
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K

Na Ca

F e l d s p a r  c o r e s

F e l d s p a r  r ims

Figure 5.1 Fe ldspar  geochem is try .  Plot of K:Na:Ca rat io for 

cores  and rims from 12grains.
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S iev e r,  1968). C r y s t a l l is a t io n  may be as e a r ly  d iag en etic  p o r e - f i l l e r s  

(M ell i s ,  1952; Odom e t a l .   ̂ 1979; Waugh, 1978) or la t e  replacements 

(Baskin, 1956; FUchtbauer, 1950; Greensmith e t  a l .   ̂ 1971; S traaten ,

1948). Where they occur, they are present as r e l a t i v e l y  pure end mem

bers o f the a lk a l i  fe ld s p a r  ser ies  (K astner, 1971; Kastner & S iever,  

1968), th is  determined by both o p t ic a l  (FUchtbauer, 1950) and geochemical 

(Baskin, 1956; Odom e t  a l .   ̂ 1979; Waugh, 1978) methods. Baskin (1956) 

records average values o f  16.4% K2 O and 0.2% Na20 fo r  potash fe ldspars  

w h i ls t  sodic fe ldspars  contain on average 11.2% Na20  and 0.4% K^O.

Waugh (1978) records an average value o f 16.94% KgO in potash feldspars  

with the absence of any Na2 0 .

The fe ld sp ars  analysed here do not agree w ith  these re s u lts .

They are not pure end members o f  the a lk a l i  fe ld sp ar  series  and cont

ents of 2 .99-7 .23%  KgO and 1 .41-8 .03%  Na^O have been recorded. I t  is  

suggested th a t  th is  d e v ia t io n  from the norm (the  c r y s t a l l is a t io n  o f pure 

end member a lk a l i  fe ld s p a r )  recorded here is  due to  formation of the 

fe ldspars  in  a h ig h ly  a c t iv e  d ia g en e tic  environment where large  quant

i t i e s  o f  g laucon ite  were forming a t  the same tim e , constantly  using 

potassium from the s e a w a te r /p o re - f lu id  (Section 6 .4 )  and th e re fo re  pro

ducing a constant change in  the K/Na r a t i o ,  now recorded in the fe ldspars

Zoning in p la g io c la se  fe ldspars  in  igneous rocks is  common and is  

u sually  from Ca enriched cores to  Na enriched rims (Deer e t a l . ,  1963, 

v o l.  4 ) .  Zoned a lk a l i  fe ld s p a rs ,  in  c o n tra s t ,  are uncommon. Hsu (1954) 

has described zoned sanidines in d a c i te  in  which the cores are more K 

r ic h  than the rims ( i . e .  the r e la t io n s h ip  recorded h e re ) .  In both the 

p lag io c lase  and a lk a l i  fe ldsp ars  the zoning is  re la te d  to c r y s ta l l is a t io n  

tem peratures.

In the fe ldsp ars  described here, zoning and evo lu tion  towards more 

sodic fe ldsp ars  traces a change in  the chemistry o f  the p o re - f lu id s .  A 

change in  chemistry from K enriched/Na depleted to  K depleted/Na enriched  

p o re - f lu id s  is  suggested. This fe a tu re  could be caused by the c r y s ta l 

l i s a t io n  o f the fe ldspars  themselves but th is  is  u n l ik e ly  since they are 

not abundant. The enclosing l im estones, however, contain abundant ex

amples o f g lau co n it ised  foram ini fe r a l  i n f i l l s ,  the formation o f which
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would dep lete  the p o re - f lu id s  in  K but leave Na v i r t u a l l y  untouched 

(sec t io n  6 .4 )  and thus cause i t s  r e la t i v e  enrichment. I f  th is  is  the 

method fo r  K d e p le t io n /N a  enrichment o f the p o re - f lu id s  in  which the  

fe ldsp ars  formed, then the fe ldsp ars  are  s y n -g la u c o n it is a t io n  and th e re 

fo re  e a r ly  d ia g e n e tic .  This agrees w ith  t h e i r  c le a r  o p t ic a l  p roperties  

w ithout inc lus ions  suggesting th a t  they are  e a r ly  d iagenetic  pore- 

f i l l e r s  ra th e r  than la t e  replacements.

E arly  d ia g en e tic  fe ldspars  form in  a low temperature d iagenetic  

environment (Kastner & S ie v e r ,  1968). In marine sediments i t  has been 

suggested th a t  c lay  m in era ls ,  f re e  s i l i c a  and d e t r i t a l  fe ld sp ar  supply 

the necessary alumina and s i l i c a  with potassium and sodium being der

ived from seawater or p o re - f lu id s  (Berg, 1952; Kastner & S iev e r,  1968; 

Kastner, 1971). Baskin (1956) concludes th a t  d iag en e tic  fe ldspars of 

replacement o r ig in  c r y s t a l l i s e  from meteoric  waters and are often found 

with small q u a n t i t ie s  o f  d ia g en e tic  q u a r tz ,  tourm aline and muscovite.

The assoc ia tion  recorded here between g laucon ite  and fe ld sp ar  suggests 

th a t  the fe ld s p a r  here formed under the c o n stra in ts  o f the glauconite  

environment: normal s a l in e  cool waters o f  moderate turbulence around

the oxygen minimum zone a t  80-250 m depth (Section 6 . 6 ) .

5 .2 .4  Conclusion

Diagenetic  fe ldspars  a re  found associated w ith  g la u co n it ic  l im e

stones in  the southwestern Nadorello  area . Pétrographie evidence sug

gests th a t  the fe ldsp ars  are e a r ly  d ia g en e tic  p o r e - f i l l e r s  ra ther  than 

la t e  replacements. Microprobe analyses o f twelve grains show the f e ld 

spars to  have a v a r ia b le  c a lc ic  anorthoclase -  sodic o lig o c lase  comp

o s it io n  ra th e r  than the composition o f  pure end members o f the a lk a l i  

fe ld sp ar  ser ies  (as is  recorded, w ithout exception in the l i t e r a t u r e ) .  

Zoning in  two grains from K enriched/Na depleted cores to  K depleted /

Na enriched rims is  recorded. Other grains are not zoned but t h e i r  

v a r ia b le  compositions suggest the same K/Na trend . This change in chem

i s t r y  r e f l e c t s  a change in  chemistry o f  the p o re - f lu id s  which is  a t 

t r ib u te d  to  loca l g la u c o n it is a t io n  o f  foram ini fe r a l  chamber i n f i l l s .  

C r y s t a l l is a t io n  o f the fe ld sp ars  is  th e re fo re  e a r ly  d iagenetic  and con

temporaneous w ith  g la u c o n it is a t io n  under the con stra in ts  o f the glaucon

i t e  environment (Section 6 . 6 )
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5 .3  Carbonate D iagenesis: Lower Miocene Limestones

5 .3 .1  In tro d u c tio n

Apart from g la u c o n it is a t io n  (Chapter 6 ) cementation and compac

t io n  are the only two d ia g en e tic  fea tu res  o f  s ig n if ic a n c e  in the Lower 

Miocene lim estones. Neomorphism is  in s ig n i f i c a n t  since almost a l l  the 

rocks have a gra instone te x tu r e ,  and mud m atrix  (neomorphosed to micro

spar) is  found in  only two th in  sections from Mt C a r d e l l ia .

Features o f  cementation and compaction are described and d is 

cussed below. Two periods o f  cement are recognised: the f i r s t  is  e a r ly ,

pre-compaction and o f a marine o r ig in ;  the second is  l a t e ,  post-comp- 

action  and o f a freshw ater p h re a t ic  o r ig in .  Compaction is  represented  

by g ra in  r e d is t r ib u t io n  or r o t a t io n ,  gra in  f ra c tu re  and pressure s o l 

ution  between g ra in s .

5 .3 .2  Cementation

a) In tro d u c tio n

Two periods o f  cement ( re fe r re d  to  here as the f i r s t  ( i . e .  e a r l 

i e s t )  and second ( i . e .  l a t e s t )  periods) can be recognised a t  a l l  lo c a l 

i t i e s  and in  both fa c ie s  in  the Lower Miocene. However, p o s it iv e  rec 

ogn ition  o f both p erio d s , which are re s p e c t iv e ly  pre and post compaction, 

is  not possib le  in  a l l  th in  sec tio n s . A l l  the cement is  c lea r  and i t  

shows a range o f  tex tu res  which can be re la te d  to  p a r t ic u la r  substrates.  

In the g la u c o n it ic  limestone fa c ie s  fe rro an  c a lc i t e  cements are common 

whereas in  the sandy limestone fa c ie s  the cements, w ith  the same t e x t 

ures, are a l l  o f  non-ferroan c a lc i t e .

b) F i r s t  period

The cement is  widespread but g e n era l ly  poorly developed. I t  is  

p o re - l in in g  in  p o s it io n  and possib ly  f i l l s  some o f  the sm aller in t r a -  

granular pore-space such as benthonic fo ra m in ife ra l  chambers. Where i t  

can be p o s i t iv e ly  id e n t i f i e d  i t  is  represented by wide syn tax ia l over

growths on echinoid  grains (P la tes  5 .3 2 ,  5 .3 3 ) ;  by s l ig h t ly  elongate to 

bladed scalenohedral c ry s ta ls  and syn tax ia l  overgrowths on b iva lve  f ra g 

ments and Amphïstegïna^ Heterostegina/Opercutïnaj and Spirootypeus
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fo ra m in ife ra l  substrates  (P la tes  5 .3 4 ,  5 .3 5 ) ;  and by equidimensional 

c ry s ta ls  on o ther substrates  (P la tes  5 .3 3 ,  5 .3 4 ,  5 .3 6 -5 .3 9 ) .

Syn tax ia l echinoid overgrowths up to  600 y wide show p re fe re n t ia l  

growth in  the c -d i r e c t io n  o f  the c ry s ta l  (P la te  5 .3 2 ) .  They form sub- 

p o ik i lo to p ic  tex tu res  and show preservation  o f  o r ig in a l  gra in  d is t r ib u 

t io n  w ith  p o in t  contacts between grains w ith in  the overgrowth. In 

c o n tra s t ,  elsewhere in  the same sediment compaction fea tu res  such as 

area l pressure s o lu t io n  contacts between grains are common. The over

growths are th e re fo re  pre-compaction -  a tim ing which is  confirmed by 

the occasional presence o f  pressure so lu tio n  contacts between the cement 

overgrowth and neighbouring g ra in s . Where th is  cement is  found in the 

sandy limestone fa c ie s  i t  is  composed of non-ferroan c a lc i t e .  In the 

g la u c o n it ic  limestone fa c ie s ,  however, as in  the Upper Oligocene glauc

o n i t i c  limestones o f western Nadore llo  (Section 5 .1 .2 c ) ,  the cement has 

serra ted  zones (5 in  a l l )  o f  fe rro an  and non-ferroan c a lc i t e  w ith  apices 

extended in  the c -d i r e c t io n  o f  the c r y s t a l .

S l ig h t ly  e longate  to bladed scalenohedral c ry s ta ls  are syntax ia l  

on, and perpend icu lar to ,  t h e i r  substrates and vary from 30 y to 70 y 

long, most commonly 30-50 y long. T h e ir  pre-compaction time o f  forma

t io n  is  evidenced by t h e i r  presence on grains which have been broken but 

t h e i r  absence from the f r a c tu re  surfaces o f  such g ra in s . The cement is  

composed o f  non-ferroan c a lc i t e  throughout the Lower Miocene succession.

Equidimensional c ry s ta ls  o f  10-30 y s ize  are found on a l l  other  

substrates except quartz  and g laucon ite  but p a r t ic u la r ly  on G lo b ig erin -  

i i d s ,  Bephvolep 'id ina ay\6 M ïogypsïna  (P la tes  5 .3 8 ,  5 .3 9 ) .  There are no 

grain f r a c tu re  tex tu res  present to  in d ic a te  th a t  the cement is  f i r s t  

period generation but i t s  p o re - l in in g  p o s it io n  suggests th is .  The cement 

is non-ferroan throughout.

c )  Second Period

This cement is  widespread and f i l l s  a l l  the remaining pore-space. 

Except in the case o f  the bladed c ry s ta ls  (P la te  5 .3 4 )  a ju nc tion  between 

th is  and the previous cement cannot be re a d i ly  id e n t i f i e d .  The recognition
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of th is  second period cement rests  on the f a c t  th a t  i t  is  post-compaction 

in t im in g , i n f i l l i n g  f ra c tu re s  and pore-space (P la tes  5 .4 6 ,  3 .7 ) .  I f  

pore space had been f i l l e d  pre-compaction, then the fea tu res  described in  

Section 5 .3 .3 a  would not be seen.

The cement is  represented: by fu r th e r  syn tax ia l growths on echin

oid grains which f i l l  f ra c tu re s  in  neighbouring g ra in s; by granular  

mosaics o f  equidimensional c ry s ta ls  10-30 y s ize  found mostly in  and 

around G lo b er in i id s  but a lso  in  the sm alle r  pore-spaces in the sediment 

(P la tes  5 .3 4 ,  5 .3 6 ) ;  and by blocky mosaics o f c ry s ta ls  30-150 y s ize  

found in  some of the la rg e r  pore-spaces (P la tes  5 .3 8 ,  5 .3 9 ) .  Both the 

mosaics show vague vec to ra l  increase in  s ize  towards the centre  o f  the 

pore-space. In areas o f  sediment r ic h  in  quartz  and g lauconite  each pore- 

space is  commonly f i l l e d  by a s o l i t a r y  la rg e  (up to 600 y) c rys ta l  o f  

c a lc i t e ,  and sometimes p o ik i lo to p ic  and s u b -p o ik i lo to p ic  textures  are 

formed (P la tes  5 .3 4 ,  5 .3 7 ,  5 .4 0 ,  5 .4 1 ) .  Never, in  these areas, are pore- 

l in in g  spars and c e n t r ip e t a l ly  enlarged spars, ty p ic a l  of pure carbonates, 

seen.

Where th is  second period cement is  found in  the sandy limestone 

fac ies  i t  is  always composed o f  non-ferroan c a lc i t e .  In the g la u co n it ic  

limestone fa c ie s ,  however, i t  can be o f e i t h e r  fe rro a n  (P la te  5 .42 ) or 

non-ferroan c a l c i t e ,  and only one type w i l l  occur in  any one rock. Zon

ing , o f  the type described fo r  the f i r s t  period cement, is  never seen.

The fe rroan  c a lc i t e  cements are most common in  the basal p a rt  o f the 

g la u c o n it ic  limestone fa c ie s .  Other than t h is ,  and the f a c t  th a t  they 

are not found in  the sandy limestone fa c ie s ,  no other pa tte rn  fo r  t h e i r  

occurrence was observed. They may be present or absent from glauconite  

r ich  sediments.

d) Discussion

The f i r s t  period o f cement is  e a r ly ,  pre-compaction and in fe rred  

to be o f  marine o r ig in  since i t  has, in  p a r t ,  a bladed scalenohedral form 

and contains fe rro a n  c a lc i t e  -  c a lc i t e  zoning in  the echinoid overgrowths 

where they are  associated w ith  g la u c o n it ic  sediments (Section 5 .1 .2g  ex

p lains the s ig n if ic a n c e  o f these fe a tu r e s ) .  The scalenohedral form is
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more ty p ic a l  of p r e c ip i ta t io n  as high magnesian c a lc i t e  ra th e r  than a ra 

gon ite  and would suggest p r e c ip i ta t io n  in  deeper cooler water as would 

the general poor development o f  the cement (Section 5 .1 .2 g ) .

The second period cement is  a l a t e ,  post-compaction, c le a r ,  

equant, blocky c a lc i t e  spar in fe r re d  to  be o f freshw ater o r ig in  fo r  the 

reasons se t out in  Section 5 .1 .2 g .  Furthermore, i t s  larqe  s ize  (where 

associated w ith  quartz  and g laucon ite  g ra in s) and i t s ,  sometimes, f e r 

roan c a lc i t e  mineralogy would suggest th a t  i t  c r y s ta l l is e d  below the 

water ta b le  in  the p h re a t ic  environment. The cement is  not the re s u l t  

of p r e c ip i ta t io n  from deep connate waters fo r  the same reason th a t  the 

fo u rth  period cement in  the Upper Oligocene limestones is  not: th a t  i s ,  

the area has a h is to ry  of u p l i f t  from Upper Oligocene onwards.

Ferroan c a lc i t e  forming th is  cement in  some rocks implies two 

fea tu res  of the environment: th a t  the environment was reducing and th a t

the p o re - f lu id s  contained fre e  iro n  in  s u f f i c i e n t  abundance to  form the 

fe rroan  c a lc i t e s .  The absence o f fe rro an  c a lc i te s  in  other rocks sug

gests the absence of a t  le a s t  one o f these fea tu res  in  the d iagenetic  

environment.

Two explanations are possib le  fo r  the occurrence o f ferroan c a l 

c i t e :

1) When iron  s o lu tions  pervade the complete Lower Miocene suc

cession, the presence o f  fe rro an  c a lc i te s  in  the g la u c o n it ic  limestone  

fa c ies  only could be expla ined by reducing environments forming lo c a l ly  

in th a t  fa c ie s .  Such lo ca l development o f  reducing environments could 

be caused by decaying organic m atter o r ig in a l ly  associated with the 

auth igen ic  g lau co n ite  growth (R e c h -F ro llo ,  1963).

2) When reducing environments pervade the complete Lower Miocene 

succession, the presence o f fe rro an  c a lc i te s  in  the g la u c o n it ic  lim e

stone fa c ie s  only might suggest th a t  the source o f the iron  is  from the 

glauconite  i t s e l f .  Since g laucon ite  form ation does not necessarily  

req u ire  the presence o f organic m atter (McRae, 1972; Odin & L e to l le ,

1980; Odin & M a t te r ,  1981),  the l a t t e r  exp lanation  fo r  the d is t r ib u t io n  

of fe rroan  c a lc i te s  may be the c o rre c t  one.
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The presence o f la rg e  cement c ry s ta ls  in pores surrounded by 

quartz  and g laucon ite  grains bears comment. Such c ry s ta ls  preclude  

any thought th a t  the granu lar mosaics and the sm alle r  blocky mosaics 

often  in the same sediment are o f  a neomorphic o r ig in  since i t  is  un

l i k e l y  th a t  neomorphism would form d i f f e r e n t  s ize  c ry s ta ls  around 

d i f f e r e n t  g ra in  types. Only cements do th is  because they are syn

ta x ia l  on t h e i r  s u b s tra te .  Furthermore, pores surrounded by carbonate 

grains provide many s ite s  f o r  s y n tax ia l  nuc léa tion  o f carbonate cem

ents and so rim  spars and g ran u lar  mosaics form. Pores surrounded by 

quartz  and g laucon ite  grains need provide no s ite s  f o r  syn tax ia l nuc

lé a t io n  o f cement. E ith e r  cementation begins by nuc léation  on the most 

minute o f  carbonate grains adhering to  the surface o f the quartz  or 

g lau co n ite ,  or a completely new l a t t i c e  is  formed by p re c ip i ta t io n  a t  a 

random s i t e  on the surface of the d e t r i t a l  g ra in s . Whatever the case, 

nucléation  s ite s  are few and th e re fo re  cement c ry s ta ls  are la rg e .

F i n a l l y ,  the second period cement represents u p l i f t  o f the sed i

ments in to  the p h re a t ic  environment and could q u ite  conceivably be of  

the same period o f  generation as the fo u rth  period cement in  the Upper 

Oligocene lim estones. The source o f  the CaCOg fo r  the cement may be 

the same source postu la ted  fo r  the Upper Oligocene limestones since  

these Upper Miocene -  Quaternary limestones are common in  western S ic i ly  

and since no source w ith in  the Lower Miocene g la u c o n it ic  sandy lim e

stones can be seen.

5 .3 .3  Compaction

a) Observations

Compaction is  widespread and is  found throughout the succession 

a t a l l  l o c a l i t i e s .  In g e n era l,  i t  is  not as prominent as in the Upper 

Oligocene limestones (Section 5 .1 .3 )  most l i k e l y  because the Lower 

Miocene rocks are  f i n e r  gra ined . Neverthe less , i t  has resu lted  in re 

d is t r ib u t io n  or r o ta t io n  o f  g ra in s ,  f ra c tu re  o f  grains and pressure 

so lu tion  between g ra in s .

The f i r s t  (P la te  5 .32 ) is  evidenced by the sm aller in te rg ra n u la r  

pore-spaces in  the compacted sediment than the o r ig in a l  pore-space
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between grains preserved where there  is  a f i r s t  period syn tax ia l echin

oid cement. F ra c tu r in g  o f  grains in  these rocks is  much less common 

than in  the Upper Oligocene lim estones, probably because the large  

p la tey  grains formed by H eterosteg ina^ O percu lina  and Spivoclypeus  

which are prone to  f r a c t u r e ,  are represented here by small fragments 

only . However, f r a c tu r in g  is  present and found in  some Eephvolepid ina  

and M iogypsina . I t  is  common in  a lg a l fragments in coarser grained  

rocks, and i t  is  present in  some quartz  grains where they are abundant 

and abut each o th er .

Pressure s o lu t io n  between grains is  common and present everywhere. 

Contacts are accommodatory w ith allochems going in to  so lu tion  in p re f 

erence to g laucon ite  and quartz  (P la tes  3 .1 6 ,  5 .4 3 -5 .4 5 )  and g lauconite  

going in to  s o lu t io n  in preference to quartz  (P la te  5 .4 3 ) .  Occasionally  

quartz  -  quartz  contacts w i l l  be o f a f l a t  a rea l pressure so lu tion  n a t

ure , and th is  is  sometimes accompanied by f ra c tu re  o f the quartz  and 

s tra in in g  o f  i t s  l a t t i c e  a t  the p o in t  o f contact (P lates  5 .4 4 ,  5 .4 6 ,  

5 .4 7 ) .  A t Costa del Conte, where N ephvo lep id ina  and M iogypsina  are 

common, a pressure welded te x tu re  (Section  5 .1 .3 )  forms between these 

g ra in s . Echinoid grains and t h e i r  f i r s t  period cement overgrowths again,  

never go in to  s o lu t io n  in  preference to  other allochems, but are p r e fe r 

e n t i a l l y  d issolved ag a in s t g laucon ite  and quartz  grains (P la te  5 .4 5 ) .

b) Discussion

Compaction in  the Lower Miocene lim estones, enhanced by the poor 

development o f  an e a r ly  p o re - l in in g  cement, has produced features  s im i

la r  to  those seen in  the Upper Oligocene limestones. The same grains 

re a c t  in  the same manner, though in  general compaction is  less prominent, 

a fe a tu re  a t t r ib u t a b le  to  sm alle r  gra in  s ize  and to a combination o f the 

v ar ia b les  l i s t e d  in  section  5 .1 .3 b .  The Lower Miocene limestones d i f f e r  

in conta in ing  common quartz  and g laucon ite  grains and these have reacted  

to compaction in  a manner which would be expected. A l l  grains (carbon

ate  and g lau co n ite )  go in to  s o lu t io n  in preference to the harder and 

more m echanically  durable  quartz  which w i l l  go in to  so lu tio n  or fra c tu re  

only when i t  is  in  contact w ith  o ther quartz  g ra in s . Allochems go in to  

so lu tio n  in  preference to g lauconite  presumably fo r  the reasons set out
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by Meyers (1980) in  th a t  the m ic ro c ry s ta l l in e  grains of which they are 

composed o f f e r  a h igher surface area to volume r a t io .

5 .3 .4  Conclusions

Two periods o f  cementation are id e n t i f i e d  and described. The 

f i r s t  is  e a r ly ,  pre-compaction and represented by a poorly developed 

p o re - l in in g  spar. Ferroan c a l c i t e / c a l c i te  zoning in  the echinoid over

growths only where the cement is  associated w ith  sediments containing  

auth igen ic  g laucon ite  (g la u c o n it ic  sandy fa c ie s )  suggests th a t  the 

cement is  s y n -g la u c o n it is a t io n  and th e re fo re  marine. Furthermore, the 

bladed scalenohedral h a b it  o f  some o f the cement suggests th a t  i t  was 

p re c ip i ta te d  as high magnesian c a l c i t e .  T h is ,  along w ith the general 

poor development o f  the spar, suggests p r e c ip i ta t io n  in  deeper, cooler  

waters and agrees w ith  a w ater depth o f  80-250 m suggested by the 

glaucon ite  (Section  6 .6 .5 )  and the sediments (Section 3 .4 . 1 ) .

The second period cement is  l a t e ,  post-compaction and re su lts  in 

i n f i l l  o f  the remaining pore space. The sometimes large  s ize  o f c ry 

s ta ls  in  th is  cement along w ith  i t s  sometimes ferroan  c a lc i t e  m inera l

ogy suggests th a t  i t  formed in  the p h re a t ic  environment and probably  

represents f in a l  u p l i f t  o f  the lim estones. The presence o f  ferroan  

c a lc i te s  only in  the g la u c o n it ic  limestone fac ies  suggests th a t  the 

source o f the iro n  was in  the g laucon ite  i t s e l f .  D i f f e r e n t  textures in  

th is  cement are re la te d  to  s u b stra te .  Thus g ranu lar and blocky mosaics 

are located  in  pore spaces surrounded by allochems which provide numer

ous s ite s  fo r  s y n tax ia l  cement growth; w h i ls t  in  pore space surrounded 

by qu artz  and g laucon ite  grains s in g le  c ry s ta ls  o f  c a lc i te  are found 

because no s ite s  fo r  s yn tax ia l  cement growth are provided. F in a l ly ,  i t  

is suggested th a t  the cement is  probably o f  the same period o f gener

a t io n  as the fo u rth  period in  the Upper Oligocene limestones and tha t  

the calcium carbonate f o r  the cement probably has the same source in  

the Upper Miocene -  Quaternary lim estones.

Compaction, enhanced by the poor development o f an e a r ly  pore- 

l in in g  spar, is  widespread. I t  shows a l l  the fea tu res  seen in the Upper 

Oligocene limestones (namely ro ta t io n  or re d is t r ib u t io n  o f g ra ins.
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f ra c tu re  o f  grains and pressure s o lu tio n  between g ra in s ) ,  but i t  is  

g e n era l ly  less prominent probably due to i t s  sm alle r  gra in  s iz e .  A 

pressure so lu tio n  h ie ra rchy  in the grains can be seen in  which quartz  

is  the most re s is ta n t  to  s o lu tio n  fo llowed by g la u co n ite ,  followed by 

the allochems, which are the le a s t  r e s is ta n t .
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C H A P T E R  6

GLAUCONITE

6.1 In tro d u c tio n

As noted by McRae (1972) and Odin & M a tte r  (1981 ),  the term 

"g lauconite" has been used in  two senses: most commonly as a morphol

ogical term to  designate  sand-s ized , greenish coloured grains found in 

sedimentary rocks; less commonly as the name o f a mineral species or 

fa m ily  of hydrated iro n  r ic h  micaceous c la y  m inera ls . "Glauconite" is  

used here, as in previous works which record i t  in  southwest S ic i ly  

(Section 3 . 1 . 2 ) ,  in  the morphological sense. However, analyses are 

presented to  prove th a t  most southwest S i c i l y  g laucon ite  grains are 

t r u ly  o f the mineral g la u c o n ite ,  and th a t  others represent e a r ly  stages 

in the g la u c o n it is a t io n  process. G lauconite  form ation suggests slow 

sedimentary accumulation in  normal s a l in e  cool waters a t  depths o f 80-  

250 m in  a t r o p ic a l -s u b t r o p ic a l  l a t i t u d e .  This environment is  c o n s is t

ent w ith  th a t  concluded from the enclosing sediments (Chapters 2 & 3 ) .

6 .2  Occurrence

Glauconite  occurs in  both Upper Oligocene limestones (Chapter 2) 

and Lower Miocene limestones (Chapter 3) in  southwest S i c i l y .  In the 

Upper Oligocene limestones i t  occurs in  only minor q u a n t i t ie s ,  and is  

very r e s t r ic te d  in  i t s  s t r a t ig r a p h ie  and geographic occurrence. In the 

Lower Miocene, g lau co n ite  is  abundant and widespread.

In the Upper Oligocene lim estones, auth igen ic  g lauconite  was re c 

ognised only in  some 12 m o f  fo ra m in i fe ra l  grainstone -  packstones in 

western Nadore llo  to  the northeast o f  a mapped rough tra ck  a t  UB 335597. 

I t  occurs as i n f i l l s  w ith in  benthonic fo ra m in i fe ra l  chambers and as in 

f i l l s  to  the pores o f echinoid stereom, o ccas ionally  rep lac ing  the ech i

noid c a lc i t e  (P la tes  6 .1 ,  6 . 2 ) .  G la u c o n it is a t io n  is  not species re s 

t r i c t e d ,  fo r  a l l  genera o f  fo ra m in ife ra  present a t  th is  horizon may be 

a f fe c te d .  However, only 50% to  10% o f fo ram in i fe r a  are g laucon itised .
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the percentage decreasing up the succession. The commonly occurring  

c o r a l l in e  red a lg a l fragments in  the same fa c ie s  are not g lau co n it ised ,  

nor are the r a r e r  fe n e s t ra te  bryozoans. The auth igen ic  nature o f the 

glaucon ite  a t  th is  l o c a l i t y  is  proved by the presence o f fe rroan  c a l 

c i t e  cements (Section 5 .1 .2 )  and is  in d ica ted  by the v a r ia b le  chemistry  

of e a r ly  d ia g e n e t ic  fe ldsp ars  a lso  found here (Section 5 .2 ) .

Derived g laucon ite  is  found in  the Upper Oligocene limestones of 

Nadorello  east (F ig .  2 .2 )  as ra re  fo ra m in i fe ra l  i n f i l l s .  I t  also occurs 

in  the C a l t a b e l lo t t a  area (Between C a l ta b e l lo t t a  and Rocca San Crispino  

to the west) and in  Contradas Finocchio and Genovese (F ig .  1 .6 ) ,  but as 

very sparse p e l le t s .  The d e t r i t a l  o r ig in  o f th is  g lauconite  is  e v id 

enced by i t s  occurrence as very sparse, o ften  w ell abraded, grains and 

by the absence of any fe rro an  c a lc i t e  cements in  sediments which in d i 

cate w ell oxygenated bottom conditions not conducive fo r  g lauconite  

fo rm ation .

In the Lower Miocene limestones g laucon ite  occurs as ubiquitous  

sand s ize  p e l le ts  (P la tes  3 .1 6 -3 .1 9 )  c h a ra c te r is in g  the limestones a t  

a l l  fo u r l o c a l i t i e s  stud ied  in  d e ta i l  (F ig s . 3 . 1 - 3 . 4 ) .  I t  is  most abun

dant in  the g la u c o n it ic  limestone fa c ie s  (Section 3 .3 .2 )  where i t  con

s is t e n t ly  forms 10-25% (sometimes 50-70%) o f grains a t  Mt C a r d e l l ia ,  

5-20% of grains a t  B a t te l la r o  and 1-20% (mostly 1-10%) o f grains a t  

Costa del Conte. At th is  l a s t  l o c a l i t y  g lauconite  is  commonly repres 

ented by i n f i l l s  of benthonic fo ra m in ife ra l  chambers (P la tes  3 .6 ,  3 .7 )  

and micropores of echinoid c la s ts  as w ell as p e l le t  form. As in the 

Upper Oligocene lim estones, g la u c o n it is a t io n  e f fe c ts  a l l  genera of f o r -  

am in ifera  present. In the sandy limestone fac ies  (Section 3 .3 .3 )  glauc

o n ite ,  present in  p e l l e t  form o n ly , is  much less abundant and forms 0 .5 -  

3% (mostly 0.5%) o f  grains a t  Mt C a r d e l l ia ,  1-5% of grains a t  both 

B a t te l la r o  and Costa del Conte, and 2-20% of grains a t  Serra Lunga. The 

auth igenic  nature of the g laucon ite  in  the g la u c o n it ic  limestone fac ies  

is in d ica te d  by i t s  abundance and by the common occurrence o f e a r ly  

marine fe rroan  c a lc i t e  cements in  th is  fa c ie s  (Section 5 .3 . 2 ) .  In con

t r a s t ,  in  the sandy limestone fa c ie s  the d e t r i t a l  or derived nature of 

the g laucon ite  is  suggested by i t s  s p a rs i ty ,  and evidenced by the absence 

of fe rroan  c a lc i t e  cements.
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6 .3  Petrography

Glauconite  occurs in  two q u ite  d i s t i n c t  morphological forms: as

p e l le t s ,  and as i n f i l l s  to  fo ra m in i fe ra l  chambers and echinoid stereom 

micropores. P e l le ts  are sub-spherica l to  capsule shaped, usually  with 

smooth surfaces but they o ccas io n a lly  show a transverse or i r r e g u la r  

cracking p a tte rn .  They are moderate to dark green (opaque in th ick  

s e c t io n s ) ,  formed o f aggregates o f minute c ry s ta ls  w ith  no preferred  

o r ie n ta t io n  and th e re fo re  show aggregate p o la r is a t io n  and e x t in c t io n .  

P e lle ts  range in  s ize  from 100 y to 1 mm but are g en era lly  in the 150- 

500 y s ize  range.

Where g lau co n ite  i n f i l l s  fo ra m in ife ra  chambers and micropores of 

echinoid stereom i t  is  more v a r ia b le  in  appearance (agreeing w ith i t s  

v a r ia b le  geochemistry. Section 6 . 4 . 2 ) .  I t  is  g en era lly  opaque but may 

commonly be orange-brown in  colour and occas iona lly  l i g h t  to moderate 

green. A l l  three  co lour v a r ie t ie s  can be found w ith in  a s in g le  te s t  

i n f i l l i n g  d i f f e r e n t  chambers and can occur a longside apparently  un

a lte re d  lime mud (orange-brown and l i g h t  to  moderate green v a r ie t ie s  

only) in  the same t e s t .  Occasionally  the fo ra m in ife ra  tes ts  and the 

echinoid c la s ts  are themselves a l t e r e d ,  in  p a r t ,  to g lau co n ite .  Foram

i n i f e r a l  tes ts  commonly show signs of abrasion.

6 .4  Geochemistry

6 .4 .1  Analysis

Twelve rock samples (A to  M) were analysed by use of an e lectron  

microprobe housed a t  the Department o f  Earth Sciences, U n iv e rs ity  o f  

Cambridge. Prepara tion  of the samples was standard, and by s t a f f  o f the 

department.

Ten samples were chosen as re p re s e n ta t iv e  o f a l l  four Lower Miocene 

l o c a l i t i e s  (A & B from B a t t e l l a r o ,  C & D from Costa del Conte, E from 

Serra Lunga and F , G, H, J & K from C a r d e l l ia )  together w ith  two samples 

re p re s e n ta t iv e  o f the s in g le  Upper Oligocene lo c a l i t y  y ie ld in g  authigenic  

glauconite  (L & M are from western N a d o re llo ) .  The Lower Miocene samples 

are re p re s e n ta t iv e  of both the g la u c o n it ic  limestone fac ies  and the sandy
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limestone fa c ie s  (E & K o n ly ) .  The precise  c o l le c t in g  horizons are in 

d icated  on the s t r a t ig r a p h ie  sec tio n s , Figures 3.1 to 3 .4 .  The Upper 

Oligocene samples were c o l le c te d  low in the g laucon ite  sequence a t  

western N ad o re llo ,  from horizons y ie ld in g  d ia g en e tic  fe ldspars  (Section  

5 .2 ) .

Analyses are presented in  Tables 6.1  to 6 .9  below. Ind iv idua l  

analyses are d is t in g u ish ed  by a three or four d i g i t  re ference number:

1) F i r s t  d i g i t  ( l e t t e r  A to M) designates the rock sam ple/loc

a l i t y ,  as noted above.

2) Second d i g i t  (number 1 to  7) designates a p a r t ic u la r  p e l le t ,  

fo ra m in ife ra  or echinoid c la s t  w ith in  the rock sample.

3) Third d i g i t  ( l e t t e r  C or R) designates whether, in the case 

of p e l le t s ,  a core or rim re s p e c t iv e ly  is  analysed, or l e t t e r  A to E 

designates an a lys is  o f d i f f e r e n t  parts  o f the same fo ra m in ife ra  or 

echinoid c la s t .

4) Fourth d i g i t  (number 1 to  3) designates , in the case o f p e l

le ts  o n ly ,  analyses made on d i f f e r e n t  parts  o f the p e l le t  core or r im .

A ll  samples were analysed fo r  the th i r te e n  elements Na, Mg, A l ,  

S i,  P, S, C l ,  K, Ca, C r, Mn, Fe and Ba. Tables 6.1 to  6 .9  record 151 

analyses o f 46 p e l le t s ,  16 fo ra m in ife ra  and 2 echinoid c la s ts .  A f u r 

ther  65 d u p lic a te  analyses were made to check the re p ro d u ce a b il i ty  o f  

re s u lts  and v a r ia t io n  o f geochemistry w ith in  g ra in s . These analyses 

were c o n s is ten t w ith  those presented here, and are th e re fo re  not i n 

cluded.

Tables group analyses by gra in  typ e , l o c a l i t y  and age. Thus the 

f i r s t  Tables present analyses on Lower Miocene p e l le ts  from B a t te l la ro  

(Table 6 . 1 ) ,  Costa del Conte ( 6 . 2 ) ,  Serra Lunga (6 .3 )  and Mt C a rd e ll ia  

( 6 . 4 ) .  Analyses of Lower Miocene p a r t i a l l y  g laucon itised  p e l le ts  from 

three o f  the four l o c a l i t i e s  are given in  Table 6 .5  and analyses o f  

fo ra m in ife ra l  chamber i n f i l l s  from Costa del Conte and B a t te l la ro  are 

given in  Table 6 . 6 . Analyses o f fo ra m in ife ra l  chamber i n f i l l s  from 

Upper Oligocene samples are recorded in  Table 6 .7 .  Table 6 .8  (Upper



•Sj- CO CO
C d cn o
LO

1
CD

CO LO
LO

CO LO LO
O CO CO CO
LO 1 .

1
CD

•St CO CM
LO

LO o VO
Dd cn LO O

1
1

CD
CO •St cn

< t

CO VO CM
CO CO
•St 1

1
CD

•St •St o
LO

LO « t
d ; CO CO
CO 1

1
CD

•St CD
LO

00 CM CM
CO CO
CO 1

1
CD

•St •St cn
•St

CM CO CO
Cd CO CD
CM 1

1
CD

LO CO
LO

cn CO
CO •St CO
CM 1

1
CD LO

CM VO
Cd LO CO1

1
CD

•Sj- VO CO
LO

•St LO
CO CO o CD

1
1

CD
LO CM

LO

LO CO CO
CO LO VO LO
CO 1

1 CO LO CO
•St

CM CM
CD o CM CO
CM 1

1
•St

VO o
LO

CO « t
Cd CO CO CO

1
1

•St
•St •St

LO

VOCM

VO

o

CO

5

cn
o

CO VO 
O  CM

CO

CO CO 
I—  CM

CO

o

cn

00

CM

00

CM

"d"
CM

CO CO 
^  CO

CO r—

CO CO
I—

CO VO
I—

LO VO

CM CM 

00 I— '

LO VO CO CO
•t" CD

1 1 1 •
CO

LO

CM
CO

CM

cn
o
LO
CM

CO
CM

O

•St
CM

'vj-

CO
CM

o

CM

CO
VO
CO
CM

o
CO

<t
CM

141

CO CO CO CD
• t

1 .
CO 1— O  . CO

CM

o LO 1— 1—
CM

1
CO 1— o LO

CM

SI
CO
CM

O
CM

CM
CM

oi
CO
CM

CO

LO
CM

cn
E(D
cu '—

•St
cn If -  « t̂

o  ■
VO

to
CO c  c
cn o  o

cn +-> 4-»
CO h  uO  (U 

Q . to  
O

CO L  CU
VO CL CU

to
CU

cn

4-) CU 
(0  -Û

Ms 1— E
VO CU D

Cd C
CM
cn CU

4-> ro
VO to to

CM E  M-
cn cu o  

8 §
CM QJ •!—
LO 014-)

(Ü

O  1—  
k. CL 
CL X
o  cu

CO S-
U  S-

•St •r— O
cn E  Li.

to to
4-i cu
cu CD

CO 1— fO
cn 1— 4-)

cu c  
CL cu 

u
CO cu i-
CD 4-> O)

•1— CL

$ co to 
U 03 
3
to ~ o

o r— cu
Ms cn to

to
8

cu cu
C  i -  
CU CL U Xo cu

CO
Ms z :  ^

S_ O)
oi m %3

l i
CO
•St o C

s- cu
•St <T3 E
cn 1— O)

cu cu
4-)

•St 4-> X3
cn to c

• ta  to

(U 4-) 
r— C  
CL CU 
E E CO

O  O  CM LO CM
C M O C M O O  O O O O

f O O > r — *1— CM I—  CM fO Cz s : < C ( / > o _ ( o c _ ) : i « i o c _ > s :

COo
CM O

cS

fC4->o

VO

cu
s
rtJ



142

I
O

1— CO cn cn ,— CO
•O" o o «St

« 1 1 1 1 1
LO LO «St 00 CM

LO CM

CM
CO ■M

to

CD
t
CD

I
CD

Ms cn CO Ms LO 00 ,— COo «St cn < t CO cn
1 1 1 1 • 1

LO LO CM o IM CM CM LO
LO CM cn

1— CM cn CM cn •St cn Mso o •St CM CO o
1 1 1 1

CO LO CO
LO

o CM cn o LOcn

CU
. cuocu
cn

o
S-a.os-u

to4J
CU

00 r— cn o •St LO co O
u LO cn 00 CO 00 CO CO LO cuCO 1 1 1 1 1 • 1 CL1 LO o Ms CO
CD LO CM cn cu4->

c
o

cn u
CM cn •t- IM CO CM cn 3

o : cn 00 CM cn LO 00 to
CM 1 1 1 1 1 • 1

1 LO CO o Ms cn
CD LO CM cn

cuc
cu
o

00 Ms LO o cn CM O ,___

CD CO CO 00 CM CO ■St CM •st z:CM 1 1 1 1 1 • 1
1 LO "St o Ms CM L

CD LO CM cn CU

g_l
cn O Ms 00 cn <t cn o cu 1—

Cd •St o Ms CM LO 1— cn 4-> •
1 • 1 1 1 • 1 C  CO1 •d" CO O Ms r— O o o

CD LO CM cn CD CU
I—  z

CU to 
T3 1—

o to 00 CM LO O o to •
CD CM CO CM CO LO 00 4-> Q.

1 1 1 1 1 1 • 1 CO •
1 •St Ms cn Ms •t- o CM O  O

CD CM cn CD — '

CU

CL
E
to

4->
C
CU

i
O

CM o
COo
CM

CM
O

LOo O  O
CM 

O  O

COo
CM O

to+->
t /) to cn CM 1— CM to s- c CU 'cS o

LU z z : «SC tn Q . OO CD it ;  CD o  s: Li_ 1—

CM

CO

CU
Z
to



143

Sample E-IC  E-IR E-2C E-3C E-3R

Element

Na2 Û

MgO 4.46 4 .06 4 .4 9 4.14 4 .10

A I2O3 4 .83 5.03 4. 57 3 .84 3. 43

SiÛ2 54.20 53.53 53.62 51.67 53.90

P2O5 - 0 .2 1 - - -

S - - - - -

Cl - - - - -

KgO 7. 33 7.11 7 . 63 8.41 8.37
CaO 1.17 1 .2 1 0 .99 0.77 0.69

Cr02 - - - - 0 .1 2

MnO - - - - -

^®2^3 23.38 23.05 23.12 25.94 25.34
BaO - 0. 29 - - -

Total 95.37 94.49 94.42 94.77 95.95

Table 6 .3  Serra Lunga, Lower Miocene g laucon ite  p e l le ts ;  
microprobe geochemistry ( c ^ .  Table 6.1 )
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Sample M-5A M-5B M-5C M-5D M-5E
Element

NagO 0.52 0.47 0.42
MgO 1.17 0.56 2 .85 1.85 0.60
Al^Os 2 .50 1.31 8 .4 7 4.91 1.32

SiOg 12.29 13.26 44.72 17.35 6 .68

P2 O5 18.55 16.09 0 .20 1 .14 14.44
S 0 .88 0.95 - - 0.75
Cl - - 0 .07 - 0.12
KgO 1.30 0.81 4 .98 1 .64 0.71
CaO 29.53 36.25 1 .84 2.22 39.44

CrOg - - 0 .14 - -

MnO - - - - -

^®2°3 20.36 10.58 24.05 49.39 11.77

BaO 0.33 - 0 .43 0.92 -

Total 87.43 80.28 87.75 79.42 76.25

Table 6 .8  Western N ad o re llo ,  Upper Oligocene m ineralised  
echinoid  g ra in : microprobe geochemistry
(c .p .  Table 6 .1 )
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Sample

Element

C-5A C-5B C-5C C-5D

MgO 0.89 0.97 0 .72 0 .79

AlgOs 0 .26 0 .14 - -

SiOg 0.97 0.55 - -

CaO 57.85 59.42 58.73 58.35

FegOs 0.13 - - -

Total 60 .10 61 .08 59.45 59.14

Table 6 .9 Costa del Conte, Lower Miocene unminer
a l is e d  echinoid g ra in  (C-5A & C-5B) and 
i t s  cement overgrowth (C-5C & C-5D): 
microprobe geochemistry (c .p .  Table 6 .1 )
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Oligocene samples) and 6 .9  (Lower Miocene samples) record data on echin

oid c la s ts ,  both m inera lised  and unmineralised (the  l a t t e r  are included 

purely  f o r  comparative purposes).

6 .4 .2  Results

Comparison o f Tables 6.1 to  6 .4  in d ica te s  th a t  the p e l le ts  have 

an almost constant chem istry . Major components have the ranges: SiOg

48-56%, but mostly 50-54%; FegOg 16-27%, mostly 20-25%; KgO a l l  between 

7-8.5% except p e l l e t  G-3 (Table 6 .4 )  w ith  c. 5.4%; AlgOg 2-10%, mostly 

4-6%; and MgO 3-6%, mostly 3 .5-5%. The oxide to t a l  ranges from 90-98% 

but most analyses l i e  w ith in  91-96%. In c o n tra s t ,  the analyses pres

ented in  Tables 6 . 5 - 6 . 8  have to t a ls  ranging from 54-93% with corres 

pondingly d i f f e r e n t  ranges fo r  each element. Notably , the ranges tend 

to be g re a te r ,  and in  g en era l,  abundances o f  SiOg, FegOg, KgO, AlgOg 

and MgO are less whereas CaO and PgOg are s ig n i f ic a n t ly  g re a te r .

Tables 6.1 to  6 .4  in d ic a te  th a t  there  is  not a great d if fe re n ce  

between the chemistry o f p e l l e t  cores and t h e i r  surrounding rims. How

ever, there  is  a s l ig h t  general trend fo r  cores to show enrichment in  

FegOg (82% o f  analyses) and KgO (61% o f  analyses) and dep le t ion  in AlgOg 

(73% o f  analyses) and CaO (64% of analyses) r e la t iv e  to the rims. SiOg 

and MgO show no constant enrichment or d e p le t io n  trend . In a l l  cases, 

the v a r ia t io n  is  s l i g h t ,  in  the order o f  2-3% fo r  FegOg and correspond

in g ly  less f o r  the o ther  elements.

Table 6.5A records analyses on grey carbonate peloids (some of  

which may be dense, rounded c o r a l l in e  red a lg a l c la s ts )  in fe r r e d ,  des

p i te  t h e i r  lack o f green co lo u ra t io n  to  be p a r t ly  g laucon itised  p e l le ts .  

Table 6.5B records analyses on ty p ic a l  green p e l le t s .  O v e ra l l ,  Table

6 .5  records a continuous range o f composition confirming th a t  the p e l

le ts  represent a rres te d  stages from e a r ly  (Table 6 .5A) to la te  (Table  

6.5B) in  the g la u c o n it is a t io n  process, although most analyses tend to  

c lu s te r  a t  the extremes o f  the range. Three fea tures  o f the process 

are apparent:

1) G lauconite  p e l le ts  are formed from a calcium carbonate pre

cursor. Grains in fe r re d  to  be the e a r l i e s t  stages in  the process are
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almost w holly  calcium carbonate (see analyses B-6C1 and F-5R1, Table 

6 .5 A ) ,  and calcium carbonate s im i la r  in  composition to  th a t  of c a lc i te  

cement (analyses C-5C & D in  Table 6 . 9 ) .

2) G la u c o n it is a t io n ,  in  i t s  e a r ly  stages, in  any s in g le  g ra in ,  

is  not uniform and shows no obvious chemical zonation from core to rim. 

Rather, g la u c o n it is a t io n  appears to  develop randomly throughout a grain  

(analyses o f  Table 6 . 5 ) .  Enrichment and d ep le t io n  o f  some o f the oxides 

in the core r e la t i v e  to the rim (as mentioned p rev io u s ly )  is  seen only 

in la t e  stage g la u co n it is e d  p e l le t s .

3) S i ,  A1 and Fe are introduced e a r ly  in  the g la u co n it is a t io n  

process, whereas K is  mainly introduced in  the l a t e r  stages. K is  ap

p a ren t ly  introduced in  a process unre la ted  to  the a d d it io n  of Fe (e .g .  

compare an a lys is  o f p e l l e t  E-4 w ith  the more mature p e l le t  G-6 : in  

E-4C the r a t i o  o f Fe : K is  5 .2  : 1; whereas in  the more mature G-6 C 

the r a t i o  o f Fe : K is  3 .4  : 1 in d ic a t in g  th a t  K is  incorporated more 

q u ick ly  la t e  in  the process).

Table 6 . 6  in d ica te s  th a t  the g laucon ite  in  fo ra m in ife ra l  chamber 

i n f i l l s  o f  Lower Miocene samples contains s ig n i f ic a n t  q u a n t i t ie s  ( 2 .5 -  

5.7%) o f  CaO. A d d i t io n a l ly ,  the analyses show s im i la r ,  i f  v a r ia b le  

chem istries both between d i f f e r e n t  chambers o f the same fo ram in ife ra  

and between d i f f e r e n t  fo ra m in ife ra  (except fo r  analyses o f A . 6 which 

contains la rg e  q u a n t i t ie s  o f  PgOg and CaO). The e a r ly  in tro d u ctio n  o f  

S i,  A1 and Fe and la t e  in tro d u c t io n  o f K, seen in  the p e l le ts  is  also  

seen in  the chamber i n f i l l s .

Tables 6 .7  and 6 . 8  in d ic a te  th a t  the fo ra m in ife ra l  chamber in 

f i l l s  and the m inera lised  echinoid  grains from Upper Oligocene samples 

contain not only g laucon ite  (evidenced by the r e la t i v e  abundances o f  

FegOg, SiOg, AlgOg and KgO), but commonly a lso  show s ig n i f ic a n t  quant

i t i e s  o f  carbonate -  a p a t i t e  evidenced by the r e la t iv e  abundances o f  

P2O5 (0 .5-19% ) and CaO (2.5-33% ) along w ith  traces o f S, C l ,  CrOg, MnO 

and BaO.

6 .4 .3  Discussion

The geochemical data presented in  Tables 6.1 to  6 .4  characterise
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the mineral forming the green p e l le ts  as g la u co n ite .  The mineral can 

be d is t in g u ish ed  from chamosite which contains la rg e r  q u a n t i t ie s  o f  

FegOg (45%) and AlgOg (23%) and sm alle r  q u a n t i t ie s  o f  SiOg (25%) (Deer 

et al. i 1962). I t  cannot be d is t ingu ished  from the c lo se ly  s im i la r  

ce ladon ite  on chemistry a lo ne, but since the l a t t e r  mineral is  known 

only from vo lcan ic  rocks (Deer et # 7 . ,  1962; Wise & Eugster, 1964;

F o s te r ,  1969; McRae, 1972, Odin & M a t te r ,  1981) i t s  presence as an 

auth igen ic  mineral in  sediments is  u n l ik e ly .  Data presented in  Tables

6.1 to  6 .4  are f u l l y  c o n s is te n t w ith  the range o f  g lauconite  composi

t ions  estim ated by s im i la r  microprobe ana lys is  and published in  recent 

years (e .g .  Birch et al. ̂  1976; Velde , 1976; Loveland, 1981; Odin & 

M a tte r ,  1981).

S ig n i f ic a n t ly  high q u a n t i t ie s  o f  PgOg and CaO in  association  with  

g la u co n ite ,  as shown in  the Upper Oligocene samples o f  Tables 6 .7  and 

6 . 8  and the Lower Miocene sample A . 6 in  Table 6 . 6 , have been described  

elsewhere (B irch  et al., 1976). They have been in te rp re te d  as phos- 

p h a tis a t io n  contemporaneous w ith  g la u c o n i t is a t io n ,  g iv ing  r is e  to  carbon

ate a p a t i t e .  The traces  o f  S, C l ,  CrOg and MnO along w ith  some o f the

BaO probably have the same source. Some o f the CaO is  a lso l i k e l y  due to

the presence o f u na lte red  c a lc i t e  which must be present in  a t  le a s t  minor 

q u a n t i t ie s  throughout a l l  the g laucon ite  (Tables 6 .1 - 6 .8 )  to account fo r  

the g e n e ra l ly  > 1% CaO recorded.

The e a r ly  in tro d u c t io n  o f Fe along w ith  the la t e  f ix a t io n  o f K has 

been recorded by many workers (B u rs t,  1958b, Ehlman et al., 1963; Bentor 

& Kastner, 1965; Seed, 1965; F o s te r ,  1969; McRae, 1972; Birch et al., 
1976; Velde , 1976; Odin & M a t te r ,  1981). I t s  occurrence here i s ,  th e re 

fo re ,  not remarkable. The e a r ly  in tro d u c t io n  o f Si and A1, however, has 

not been p rev io u s ly  noted. I t  was thought, u n t i l  re c e n t ly ,  th a t  glaucon

i t e  o r ig in a te d  from a high alumina sm ec tite ,  an i l l i t e  or degraded mica

(the " la y e r  l a t t i c e  theory" o f  B urst,  1958a,b; Hower, 1961) and therefore  

in tro d u c tio n  o f Si and A1 was not needed. Odin & L e to l le  (1980) and Odin 

& M atte r  (1 9 8 1 ) ,  however, describe how g lauconite  forms from a calcium  

carbonate precursory g ra in  which involves the p r e c ip i ta t io n  o f minute 

cry s ta ls  o f  "g la u c o n it ic  sm ectites" in  micropores (5 -10  y s iz e )  w ith in  

the g ra in ,  these smectites e ve n tu a l ly  pervading the whole g ra in . This
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process would account f o r  the e a r ly  in tro d u c t io n  of S i ,  A1 and Fe ob

served in  the data here and is  th e re fo re  favoured as an explanation  

fo r  g laucon ite  form ation (Section  6 . 5 ) .

The v a r ia t io n  from Fe enriched/A l depleted cores to  Fe dep leted /  

A1 enriched rims recorded here has been recorded p reviously  by Velde

(1976 ).

Birch e t  a l .  (1976) consider th a t  g lauconite  containing > 1%

KgO is  "mature" w h i ls t  grains w ith  < 1% are "immature". This being so, 

then the p e l le ts  o f Tables 6 . 1 - 6 .4  can be considered as mature w h i ls t  

a l l  o ther analyses (Tables 6 . 5 - 6 . 8 )  are o f immature g laucon ite . The 

almost homogeneous nature ( in d ic a te d  by core and rim analyses) o f  the 

green p e l le ts  in Tables 6 . 1 - 6 .4  and the heterogeneity  o f  the p e l le ts  

(and o ther g laucon ite  modes o f occurrence) in  Tables 6 . 5 - 6 . 8  agrees 

with m a tu r i ty  and im m aturity  re s p e c t iv e ly  (B u rs t,  1958b; Ehlmann e t a l . ,  

1963). Velde (1976) found th a t  as K content increased towards i t s  max

imum of 8-9% then the grains in  the bulk sample tended towards chemical 

homogeneity. Since the bulk of the p e l le ts  in the Lower Miocene dep

os its  (both from the g la u c o n it ic  limestone fac ie s  and the sandy l im e

stone fa c ie s )  can be considered as chem ically  mature (they contain 7-8% 

KgO) and chem ically  homogeneous w ith in  grains ( in d ic a ted  by core and rim 

analyses) and between grains (they  agree w ith  the chemical l im its  set  

out by Birch e t a l . ,  1976, and Odin & M a t te r ,  1981), they represent a 

mature g laucon ite  substra te  or environment. In c o n tra s t ,  the chemical 

immaturity and heterogene ity  o f the Upper Oligocene g lauconite  occurrence 

suggests th a t  th is  su bstra te  was immature.

In summary, the microprobe data presented here id e n t i f y ,  fo r  the 

f i r s t  t im e , the green p e l le ts  present in  the Lower Miocene o f southwest 

S ic i ly  as the mineral g la u co n ite .  The range o f geochemical analyses 

agrees w ith  re c e n t ly  published microprobe data fo r  g laucon ite . PgOg and 

much o f the CaO content along w ith  the traces of S, C l ,  CrOg, MnO and 

BaO are due to the presence of c a rb o n a te -a p a t ite  w h i ls t  some o f the CaO 

is due to una ltered  calcium carbonate. The e a r ly  f i x a t io n  of S i ,  A1 and 

Fe agrees w ith  Odin & M a t te r 's  (1981) mechanism fo r  the formation of  

glauconite  from a calcium carbonate precursor. The la te  f ix a t io n  o f  much
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of the K confirms an observation commonly recorded in  the l i t e r a t u r e .  

F in a l l y ,  the absolute chemistry and the chemical homogeneity w ith in  and 

between p e l le ts  in  the Lower Miocene deposits suggests th a t  most o f the  

p e l le ts  are composed of mature g laucon ite  and th a t  the Lower Miocene 

glauconite  substrate /environm ent o f the g la u c o n it ic  limestone fac ies  

(where the g laucon ite  is  au th igen ic  in  occurrence), was a mature one.

The chemistry o f the Upper Oligocene g la u c o n ite ,  however, suggests th a t  

the g laucon ite  is  immature and th a t  the Upper Oligocene g lauconite  sub

s tra te /en v iro n m en t was immature.

6 .5  O rig in  of G lauconite

Given th a t  the environment is  conducive, three  d i f f e r e n t  orig ins  

fo r  g laucon ite  have been proposed in  the l i t e r a t u r e .

1) As a g e l , o f Mg, Fe, A1 and Si to  which K was l a t e r  added. 

This o r ig in ,  favoured 1891-1939 (Murray & Renard, 1891; C o l le t ,  1908; 

Takahashi, 1939),  was discarded when Burst (1958a,b) presented the 

" layer l a t t i c e  theory" only on the grounds th a t  B urst's  theory appeared 

more l i k e l y  f o r  a process th a t  was poorly  understood anyway.

2) By io n ic  exchange in troduc ing  Fe and K in to  the l a t t i c e  o f a 

d e t r i t a l  la y e r  s i l i c a t e  o f  e i t h e r  a c lay  mineral or a degraded mica (the  

" layer l a t t i c e  theory" of Burst, 1958a ,b ).  This process was w idely ac

cepted u n t i l  re c e n t ly  (McRae, 1972). I t s  d e f ic ie n c y  is  th a t  i t  cannot 

account fo r  the g la u c o n it is a t io n  of anything other than a lay e r  l a t t i c e  

substrate .

3) By the p r e c ip i ta t io n  of minute c ry s ta ls  of g la u c o n it ic  smec

t i t e  in the micropore system o f a carbonate gra in  with subsequent d is 

so lu tion  o f the calcium carbonate and eventual replacement of the gra in .  

This o r ig in  fo r  g laucon ite  grains was proposed by Odin & M atter (1981) 

who c ite d  as evidence the presence o f g la u c o n it ic  sm ectite  c rys ta ls  in  

d e t r i t a l  micas (Odin, 1972) and in limestone hardgrounds (Aubry & Odin, 

1973). Once a l l  the gra in  has been replaced the K2 O content is  4 . 5 - 6 . 6%. 

Subsequent e vo lu t io n  fo llow s the growth o f la rg e r  and b e tte r  shaped c ry 

stal l i  tes w ith  the in tro d u c t io n  o f  more K to form g la u c o n it ic  mica.

As noted above (Section 6 . 4 ) ,  geochemical v a r ia t io n  documented in
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Tables 6.1 to 6 . 8  is  co n s is ten t w ith  the o r ig in  o f both p e l le ts  and 

fo ra m in ife ra l  chamber/echinoid stereom i n f i l l s  by g la u c o n it is a t io n  of 

a calcium carbonate precursor ra th e r  than o f  a degraded s i l i c a t e  l a t 

t i c e .  Moreover, the e a r ly  in tro d u c tio n  of S i ,  A1 and Fe along with  

l a t e r  ad d it io n  o f K would agree w ith  Odin & M a tte r 's  (1981) theory fo r  

g la u c o n it is a t io n  and cannot be expla ined by the formation o f g lauconite  

from a degraded la y e r  s i l i c a t e  l a t t i c e .

6 . 6  Environment o f  G lauconite  Formation

G laucon ite , although a d ia g en e tic  m in era l,  forms, a t  the present 

day, on a marine sediment surface or ju s t  below the sediment/water  

in te r fa c e  (Odin & L e t o l le ,  1980).  I t  is  a useful index o f  pa laeoenvir-  

onmental c o n d it io n s , where i t  can be proved to be i n  s i t u  and not der

ived , since i t s  form ation  is  c o n tro l le d  by physico-chemical parameters 

such as s a l i n i t y ,  a c i d i t y ,  o x id a t io n ,  tem perature, water turbulence,  

water depth and sedimentation ra te .

6 .6 .1  S a l in i t y  & A c id i ty

T y p ic a l ly ,  g laucon ite  forms in  "normal marine" (McRae, 1972) or 

"open marine" (Odin & L e t o l le ,  1980) waters which are s l ig h t ly  a lk a l in e  

(pH 7 -8 )  (Dapples, 1967; F a irb r id g e ,  1967 ).  Glauconite from lac u s tr in e  

and o ther co n tin en ta l  deposits has, however, been recorded (McRae,1972).

That the southwest S ic i l y  g lauconites formed under normal marine 

conditions is  evidenced by the associated a lg a l f l o r a  ( in  the Upper 

Oligocene lim estones. Section 4 . 1 . 4 ) ,  microfauna o f large  benthonic f o r -  

am in ifera  and echinoid macrofauna (Sections 2 .5 .3  & 3 . 4 . 1 ) ,  since these 

forms are a l l  abundant and s t r i c t l y  s tenoha line . These assoc iations ,  

however, provide no clue to the a c id i ty  o f  the enclosing aqueous so lu tio n .

6 .6 .2  Oxidation

Modern g laucon ite  most commonly occurs in  waters o f  Eh 0 (McRae, 

1972; B u rn e tt ,  1980) w ith  a range from s l i g h t ly  ox id is in g  (Eh +50 to  

+400 mV, Larsen & C h i l in g a r ,  1967) to  s l ig h t ly  reducing (Eh 0 to -200 mV) 

(Cloud, 1955; Burst 1958a,b; Dapples, 1967; F a irb r id g e ,  1967).

That the southwest S ic i l y  g laucon ite  formed near the oxygen minimum
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zone is  in d ica ted  by t h e i r  assoc ia tion  w ith  e a r ly  (marine) ferroan c a l 

c i t e  cements (Sections 5 .1 .2 ,  5 .3 .2 )  since these r e f l e c t  an environment 

of a l t e r n a t in g  o x id is in g  and reducing co n d it io n s . The presence of 

small q u a n t i t ie s  of c a rb o n a te -a p a t i te  occurring alongside some o f the 

glaucon ite  (mainly the Upper Oligocene fo ra m in ife ra l  occurrence) sug

gests th a t  the environment was weakly reducing (Section 7 .8 . 3 ) .

6 .6 .3  Temperature

Temperature o f  form ation ranges from 7-20°C. In d iv id u a l authors 

disagree on the e x ten t  o f the range. Porrenga (1967) found g lauconite  

re s t r ic te d  to  bottom temperatures o f 10 -150C o f f  the Niger D e lta .  McRae

(1972) quotes a general range of 15-20OC w h i ls t  Odin & L e to l le  (1980) 

quote temperatures of 7 - 1 S^C as general fo r  g lauconite  form ation.

In southwest S i c i l y ,  r e l a t i v e l y  cool bottom temperatures are in 

dicated by the c o r a l l in e  red a lg a l assemblage and by the low d iv e r s i ty  

and large  s ize  o f in d iv id u a ls  o f both macrofauna and microfauna in  the  

associated sediments (Section 2 .5 .4  & 3 . 4 . 1 ) .  More p re c is e ly ,  R o ta lia  

and Am phisteg ina  may in d ic a te  bottom temperatures of 14-25*^0 and 7 -1 3°C 

re s p e c t iv e ly  (Section  2 . 5 . 4 ) .  The poor development of marine cement 

also in d ica te s  cool seawater poorly  sa turated  w ith  CaCOg (Sections 5 .1 .2  

& 5 . 3 . 2 ) .

6 .6 .4  Water Turbulence

Glauconite  is  commonly preserved in  sediments which show evidence 

of turbulence (Cloud, 1955; McRae, 1972).  Continued marked water flow  

and a g i ta t io n  would, however, be incom patible  w ith  the p a r t ic u la r ly  nar

row range o f  oxygenation conditions re q u ire d ,  but some turbulence is  

needed to  introduce the required  ions and to c arry  away any f in e  sediment 

which might otherwise be deposited.

In southwest S i c i l y  abrasion o f fo ra m in ife ra  in  grainstone/pack-  

stone sediments and the presence o f nearby a lg a l  rh o d o lith  beds in the 

Upper Oligocene along w ith  moderate s o r t in g  and occasional cross beds in 

the Lower Miocene a l l  in d ic a te  the presence o f  moderately tu rb u le n t con

d it io n s .
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6 .6 .5  Water Depth

Modern g lau co n ite  forms in  30-500 m water depths (McRae, 1972; 

Odin & L e t o l le ,  1980; Odin & M a t te r ,  1981) but i t  is  most common a t  

60-350 m. I t  is  found in  in n er s h e l f ,  outer s h e lf  and upper slope 

p o s it io n s .  This parameter is  g e n era lly  a function  o f temperature and 

water tu rbu lence. Thus, in  t ro p ic a l  la t i tu d e s  g laucon ite  occurs in  

cooler waters a t  depth, whereas in temperate la t i tu d e s  i t  occurs in 

shallower water l im ite d  by excessive water turbulence producing oxid

is in g  conditions a t  the shallow est depths.

In southwest S ic i l y  water depths 80-250 m (probably < 200 m) are  

in fe r re d  from the c o r a l l in e  red a lg a l  assemblage (Section 4 .1 .4 )  and 

gen era l ly  from the Upper Oligocene (Section 2 .5 .6 )  and Lower Miocene 

(Section 3 .4 .1 )  sediments. This agrees w ith  the probable t ro p ic a l -s u b 

tro p ic a l  p o s it io n  of S i c i l y  in  Upper 01igocene/Lower Miocene times 

(Smith & Briden, 1977) where cool bottom temperatures would be found a t  

depth.

6 . 6 . 6  Sedimentation Rate

Glauconite  form ation is  favoured by low, or even negative sed i

mentation ra te  (McRae, 1972): a cond ition  which is  often provided by a

marine tran sg ress io n , and w ith  which g la u c o n it is a t io n  on a wide scale  

commonly occurs (Odin & M a t te r ,  1981).

In southwest S i c i l y  slow sedimentation ra te  is  ind icated  by the 

l im ite d  thickness (c .  100 m maximum) o f  the Upper Oligocene -  Lower 

Miocene succession. A lso , a Lower Miocene transgression is  well doc

umented throughout the c en tra l  Mediterranean area (Section 3 .4 . 3 ) .  The 

widespread Lower Miocene g la u c o n it ic  limestones of southwest S ic i ly  and 

those found in  western S i c i l y  in  general (Section 3 .1 .2 )  could be a 

re s u l t  o f  th is  transgress ion . In the cen tra l  Mediterranean area in gen

eral slow sedimentation ra te s  in  the Lower Miocene are ind ica ted  by the 

presence o f h e a v i ly  b io tu rba ted  beds and common hardgrounds in southeast 

S ic i ly  (Section  4 .2 .3 )  and the Maltese is lands (Bennett, 1979, 1980).

6 .6 .7  Summary

The conditions of form ation o f g laucon ite  in  southwest S ic i ly  are
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co n sis ten t w ith  those o f  g laucon ite  form ation in  genera l.  Moreover, 

the presence of g lau co n ite  confirms th a t  the Upper Oligocene -  Lower 

Miocene carbonates of southwest S i c i l y  were deposited in normal sa line  

cool waters o f moderate turbulence around the oxygen minimum zone a t  

depths o f 80-250 m w ith  a slow sedimentation ra te  in  a t ro p ic a l -s u b 

tro p ic a l  l a t i t u d e .  The abundance o f g laucon ite  in  the Lower Miocene 

limestones r e la t i v e  to the Upper Oligocene limestones is  in fe r re d  to  

r e f l e c t  the widespread transgression recorded in  the Lower Miocene of 

the Mediterranean area.

6 .7  Conclusions

Glauconite  occurs as green p e l le ts  and as green, orange-brown 

and opaque i n f i l l i n g s  to  benthonic fo ra m in ife ra  and the micropores of 

echinoid c la s ts .  In the Upper Oligocene limestones g lauconite  is  r e s 

t r ic t e d  in  occurrence and occurs in  minor q u a n t i t ie s  as fo ra m in ife ra  

and echinoid c la s t  i n f i l l s .  In the Lower Miocene limestones g laucon ite ,  

in the form o f p e l le t s ,  is  ubiquitous and abundant w h i ls t  fo ra m in ife r id  

and echinoid i n f i l l s  are found in  abundance a t  only one o f the four  

l o c a l i t i e s  s tud ied .

The re s u lts  o f  151 microprobe analyses, from samples in  Upper 

Oligocene and Lower Miocene limestones and from both the g lau co n it ic  

limestone fa c ie s  and the sandy limestone fa c ie s  in  the Lower Miocene, 

are presented in  Tables 6 . 1 - 6 . 9 .  The analyses id e n t i f y  fo r  the f i r s t  

time the green mineral present as the mineral g laucon ite . The geochem

ic a l  analyses in d ic a te  th a t  a l l  forms of g laucon ite  ( p e l le t s ,  foramin- 

i f e r a  and echinoid i n f i l l s )  have formed from a calcium carbonate pre

cursor. The e a r ly  f i x a t io n  o f  S i ,  A1 and Fe along w ith  the la te  f i x a 

tion  of K agrees w ith  Odin & M a t te r 's  (1981) theory o f  g lauconite  form

ation  from a calcium carbonate g ra in .  The P^Og content and much of the 

CaO co n ten t, along w ith  the traces o f  S, C l ,  Cr0 2 » MnO and BaO, seen 

most commonly in  the Upper Oligocene g lau co n ite s , represent the presence 

of small q u a n t i t ie s  o f carbonate -  a p a t i t e ,  w h i ls t  some o f  the CaO rep

resents u na ltered  calcium carbonate. The absolute chem istry, and the 

chemical homogeneity w ith in  and between most of the Lower Miocene p e l

le ts  suggests th a t  these p e l le ts  are mature, and th a t  the Lower Miocene
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glaucon ite  environm ent/substrate  o f the g la u c o n it ic  limestone fac ies  

was a mature one. The contra ry  is  so f o r  the Upper Oligocene environ

m ent/sub stra te .

F in a l l y ,  evidence from both the Upper Oligocene and Lower Miocene 

glaucon ite  occurrence suggests th a t  the environment o f g lauconite  form

a tio n  was the same, and in agreement w ith  th a t  a lready  recorded fo r  

glauconite  in the l i t e r a t u r e .  In southwest S i c i l y ,  g lauconite  formed 

in normal s a l in e  conditions in  cool waters o f  moderate turbulence around 

the oxygen minimum zone a t  depths o f 80-250 m w ith  a slow sedimentation  

ra te  in  a t ro p ic a l -s u b t ro p ic a l  l a t i t u d e .  The abundance and widespread 

occurrence o f g lau co n ite  in  the Lower Miocene o f western S ic i l y  in gen

e ra l is  in fe r re d  to r e f l e c t  the w ell documented and widespread tra n s 

gression in  the Lower Miocene o f the Mediterranean area .
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C H A P T E R  7

PHOSPHORITES OF SICILY AND MALTA

7.1 In tro d u c tio n

The term phosphorite has been v a r io u s ly  in te rp re te d ,  lo o m  et al. 
(1969) d e f in e  a phosphorite as "a marine auth igen ic  mineral deposit  

composed mainly of carbonate a p a t i t e " .  In c o n tra s t ,  Emigh (1967) con

siders th a t  the term should be r e s t r ic t e d ,  used only to designate a 

phosphatic mineral d e p o s it  o f economic s ig n if ic a n c e .  Bushinski (1969) 

and Slansky (1979) both r i g i d l y  d e f in e  a phosphorite as a rock conta in 

ing more than 18% P^Og by w eight. More re c e n t ly ,  Bentor (1980) con

fines  the term phosphorite to phosphate-rich rocks of marine sedimentary 

o r ig in .  Bentor takes the boundary between phosphorites and phosphatic 

sediments a t  "o.x% PgÔ " accepting as phosphorite any phosphate-enriched  

sediment, but authors g e n e ra l ly  (e .g .  P lan t et al., 1979; Lucas, Prevot 

& Trompette, 1980) regard a phosphorite as a sediment conta in ing more 

than 15-20% PgOg. The phosphorites described here sometimes contain  

less than 15% PgOg, but the term phosphorite applied  to them is  consis

ten t w ith  the d e f in i t io n s  o f both Bentor (1980) and Tooms et al. (1969).

Phosphorites have g rea t economic s ig n if ic a n c e .  They form the 

basis of a major mineral industry  of worldwide importance (Emigh, 1975; 

N o th o lt ,  1975; Slansky, 1980), ranking second to iron  ore in terms of 

gross tonnage produced and volume of in te rn a t io n a l  tra d e . Their econ

omic value resides in  the f a c t  t h a t ,  together w ith  phosphate deposits of 

igneous o r ig in ,  they are the only s u i ta b le  source of phosphorus fo r  the 

manufacture o f phosphate f e r t i l i s e r s  and some phosphorus-based chemicals 

(N o th o lt ,  1980b). In 1978, phosphorites con tr ibuted  84% of the to ta l  

world production o f 125 m i l l io n  tonnes o f phosphate raw m a te r ia l .

Wide recent in t e r e s t  in  the occurrence, geochemistry and genesis 

of phosphorites is  evidenced by the symposium volumes of Cook & Shergold

(1979), Bentor (1980) and N otho lt  et seq. (1980a). Also by e s ta b l is h 

ment in  1977 o f In te rn a t io n a l  Geological C o rre la t io n  Programme Pro ject
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156: P ro terozo ic  -  Cambrian phosphogenic provinces in Asia and A u s tra l ia ,

to determine the e x ten t  o f ,  and p re v a i l in g  concepts o f ,  deposit ion  fo r  

phosphorites o f th is  time and area (N o th o lt ,  1978). This p ro je c t  has 

subsequently broadened in to  a m u l t id is c ip l in a r y  research programme to 

in v e s t ig a te  the nature and d is t r ib u t io n  o f a l l  phosphorite deposits , r e 

t i t l e d  "Phosphorites", s t im u la t in g  development o f an In te rn a t io n a l  Phos

phate Resource Data Base (Cook, 1980).

Phosphorites from the circum-M editerranean c o u n tr ies ,  e sp e c ia l ly  

those o f  Morocco and T u n is ia ,  are w ell known fo r  t h e i r  economic s i g n i f i 

cance. The major dep o s its ,  however, are a l l  o f Cretaceous to Eocene age 

(Sheldon, 1964; B r i t is h  Sulphur C orporation , 1973; Lucas, Prevot & 

Trompette, 1980). The Oligocene apparently  marks a h iatus in phosphate 

deposition  worldwide (Cook & McElhinny, 1979; N o th o lt ,  1980b), and 

although Miocene phosphorites are known from offshore  western Morocco 

(Summerhayes, 1970; McArthur, 1980),  the most extensive  and best known 

Miocene deposits are  from F lo r id a ,  U .S .A. (Riggs & Freas, 1965; Riggs 

1979a,b, 1980).

This Chapter describes phosphorites from the Upper Oligocene of 

southwest S i c i l y ,  and the Lower Miocene o f  southeast S ic i l y  and M alta .

The presence of m id -T e r t ia ry  phosphate in  southwest S ic i l y  has h ith e r to  

been recorded only as "nodules phosphates" (Mascle, 1973, 1979), w ith no 

d e ta i ls  o f  n a tu re ,  occurrence or geochemistry. The phosphates of south

east S i c i l y  are somewhat b e t te r  documented, in  th a t  they have been mapped 

and b r i e f l y  described (R u g g ie r i ,  1961 Bommarito & La Rosa, 1962) and 

redescribed and analysed fo r  major elements by Di Grande e t  a l .  (1978).  

S im i la r ly ,  the s t r a t ig r a p h ie  occurrence o f phosphorites on the Maltese  

islands is  w ell  known, but t h e i r  conglomeratic nature has only recen tly  

been estab lish ed  ( F e l i x ,  1973) and d e ta i le d  work on t h e i r  genesis and 

geochemistry is  as y e t  unpublished (B ennett, 1980). "Noduletti f o s f a t i -  

f e r i "  have been recorded more w ide ly  though sparsely  in the Middle to  

Upper Miocene o f S i c i l y  by Ruggieri (1957, 1959) and Colacicchi (1963),  

but no o ther s ig n i f ic a n t  deposits  o f cen tra l Mediterranean position  and 

m id -T e r t ia ry  age are known.

This account d e ta i ls  the geographic and s t ra t ig ra p h ie  occurrence
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of phosphorites in  the three  areas (southwest S i c i l y ,  southeast S i c i l y ,  

Maltese is la n d s ) ;  describes the phosphorite mineralogy and petrography; 

and records d e t a i ls  o f analyses fo r  m ajor, tra c e  and ra re  earth  elements 

so as to  e lu c id a te  the local environments of phosphorite genesis and 

d ep o s it io n .

7 .2  Geographic, S tra t ig ra p h ie  and Facies Occurrence

7 .2 .1  Southwest S i c i l y

In southwest S i c i l y  a s in g le  phosphorite is  known, forming part of  

the basal Uppper Oligocene conglomerate ( f u l l y  described in Section

2 .2 . 2 ) .  The most extensive  outcrops are a t  Nadorello  east (Figs 1 .5 ,

2 .1 ,  2 .2 ;  P lates  2 .5 ,  4 .4 1 )  and San B iagio  west (F ig .  2 .6 ;  Plates 2 .8 ,

2 .9 ) .  L ight to  dark brown coloured phosphatic c la s ts  < 5 mm to 150 mm

in s ize  are se t in  a m a tr ix  o f  r h o d o l i th ic  a lg a l  fo ra m in ife ra l  packstone- 

wackestones. Although the age o f  the m atrix  is  Upper Oligocene (Section  

2 .1 . 4 ) ,  the phosphatised c la s ts  are a l l  chalks of Eocene age (Section

2 . 2 . 2 ).

A fu r t h e r  phosphorite is  found a t  the top of the exposed Upper 

Oligocene succession a t  the Tombe Sicani lo c a l i t y  (F ig .  2 .8 )  where i t  is  

represented by sparse rounded phosphatised calcareous s i l t s to n e  pebbles 

(up to 20  mm d i a . )  and fragments of f is h  tee th  d is t r ib u te d  in  the upper 

0 . 2  m of fo r a m in i fe r a l  gra instone packstones.

7 .2 .2  Southeast S ic i l y

In southeast S i c i l y ,  a t  le a s t  f i v e  phosphorite horizons are known 

from the southwestern l im i t s  o f the Ib lean Plateau (F ig .  1 .3 ) .  Their  

occurrence is  b r i e f l y  documented by Di Grande (1975) and Di Grande e t a l .  

(1978 ),  and mapped by Bommarito & La Rosa (1962) who also id e n t i f ie d  an 

associated macrofauna o f f is h  te e th :  Carcharadon avœ ioulatus^ Oxyrhina

d e s o rij 0. h a s ta lis ^  Odontaspis c o n to rtid e n s^  0. ouspidata^  and H e m ip ris tis  

s e r ra .  The most extensive  and accessib le  exposures occur a t  Donnalucata 

where a phosphatised hardground is  a lso  found (VA 661 692 to VA 667 691; 

Fig. 7 .1 ;  P lates  4 .4 2 ,  7 .1 )  on the south coast, and in  the Contrada le  

Serre v a l le y  (VA 752 930; F ig .  7 .1 ;  P lates 7 .2 ,  7 .3 )  some 6 km to the 

north of Ragusa.
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At Donnalucata, phosphorite forms p a rt  o f  a 1.5 to 3 m bedded 

sequence dipping gently  to the south (2 -1 0°S 088) and exposed in a low 

ly ing rocky shore line  below a ra ised  beach 1 km to the west o f  the 

town. I t  comprises sub-rounded, sub-angular, Trypanites -  bored 

(Section 4 . 2 . 2 ) ,  moderate to dark brown coloured pebbles (10-40 mm 

s ize ) held in a m atr ix  o f  cream to b u ff  coloured c a lc a re n ite  forming a 

bed 0 . 2 - 0 .3 m th ic k  which immediately o v er l ie s  and i n f i l l s  a phosphat

ised hardground (described below). Phosphatised c las ts  are more abund

ant a t  the base of the bed, forming 30-40% o f  the rock, and decrease 

and become sm alle r  in s ize  towards the top o f  the bed. The phosphatised 

clasts are formed e x c lu s iv e ly  of G lob ig erin id  fo ra m in ife ra l  wackestones 

(the mud now replaced by c a rb o n a te -a p a t i te )  w ith  var iab le  amounts (up to 

15%) of benthonic fo ra m in ife ra  (most commonly Amphistegina)^ peloids and 

echinoid fragments. The m atrix  between the c las ts  is  of a s im ila r  phos

phatised l i th o lo g y  (immediately above the hardground) with s im ila r  fauna 

and presumed penecontemporaneous age. Limestone forming the hardground 

is coarser grained w ith  a lower mud content and g reater  amounts (40-60%) 

of b io c la s t ic  debris  (predominantly echinoid c las ts  and Amphisteginid 

fo ram in ifera  along w ith  fragments of Miogypsina^ (probably) Eeterostegina 
and molluscs) plus G lo b ig er in id  fo ra m in ife ra .  Below the hardground and 

above the phosphorite , b io c la s t ic  packstones ( 0 .5 -1 .0  m th ic k )  with a 

macrofauna of fragmented echinoid tes ts  (c f .  Ditremaster soillae and 

Eupatagus sp .;  determined by Dr E .P .F . Rose, supervisor) are thoroughly  

bioturbated w ith  Thalassinoides suevious burrows (Section 4 .2 .2 ) .  The 

hardground i t s e l f ,  has a f l a t  top throughout and is  penetrated by abund

ant Trypanites borings and the v e r t ic a l  tubes o f  a Thalassinoides para- 
doxioa burrow system (Section 4 .2 .2 ;  P la te  4 .4 1 ) .  Below the hardground 

(150-250 mm below) the v e r t ic a l  tubes pass in to  an extensive horizontal  

network of branching Thalassinoides paradoxioa burrows. The walls of 

this burrow system and the conta in ing limestones to the top o f the hard- 

ground have a l l  been phosphatised (P la te  7 .1 ) .  Phosphatisation decreases 

downwards, away from the burrow w a l ls ,  in to  the underlying sediment. The 

sediment i n f i l l i n g  the burrow system contains phosphatised limestone 

clasts (as described above) and is  i t s e l f  phosphatised.

At Contrada le  Serre , phosphorite occurs as two conglomeratic hor

izons some 0 . 7 5 - 1 . 0  m apart in a sequence of b u ff  ( l i g h t  grey weathered)
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colour fo ra m in ife ra l  echinoid b io c la s t ic  packstones and grainstones  

(P lates 7 .2 ,  7 .3 ) .  Each horizon is  some 50-120 mm th ic k ,  formed of 

loosely packed, moderate to dark borwn-coloured, sub-rounded to sub- 

angular, commonly Trypanftes-bored, poorly sorted , phosphatised Globig

e r in id  fo ra m in ife ra l  wackestone c la s ts  (5 -30  mm s iz e ) .  These horizons 

are w ell exposed on both v a l le y  sides fo r  some 1-2 km. Phosphorites 

with s im i la r  appearance and l i th o lo g y  can be seen a t  Pizzo Capra D'Oro 

(F ig . 7 .1 ,  2 km south o f  Ragusa Ib la ,  a t  VA 782 854) and in  a road 

cu tt in g  2 km to the southeast o f  NIodica (F ig .  7 .1 )  a t  VA 802 786 ).

Burrows o f T'. suevious are sparse but present throughout the calcaren-  

i tes  above, below, and between the phosphorites a t  Contrada le  Serre; 

abundant below the phosphorites a t  Pizzo Capra D'Oro (P la te  4 .4 7 ) ;  and 

sparse below the phosphorite exposed southeast o f Modica. The enclos

ing limestones are of a d i f f e r e n t  fac ies  and contain abundant fo ram in i

fe ra ,  Miogypsina with subordinate amounts of Amphistegina  ̂ and echinoid  

debris . Elsewhere ( to  the east o f  Ragusa), they have y ie lded  a benthonic 

fo ra m in ife ra l  fanua o f  Amphistegina^ Miogypsina^ Eetevostegina^ and 

Elphidium^ i d e n t i f i e d  by Di Grande (1975) and Di Grande et al. (1977) 

and dated as Lower Miocene in age by t h e i r  re la t io n s h ip  to  planktonic  

fo ram in ife ra  c o l le c te d  from s o f t  marly beds in the sequence above and 

below the phosphorite -conta in ing  c a lc a re n i t e s . Di Grande et al. (1978) 

c o rre la te  the phosphorite horizons w ith  the upper reaches of the "1 i v e l lo  

a banchi c a lc a r e n i t ic i"  (o f  Di Grande et al., 1977) (P la te  7 .2 ) ,  c ited  as 

a mappable u n i t  throughout the Ib lean Plateau w ith in  the Irm in io  Member 

of the Ragusa Formation o f  Rigo & B arb ier i  (1959). Di Grande et al.

(1977) c o r re la te  the c a lc a re n ites w ith  zones N4 to N7 o f Blow (1969),  

and the po s it io n  o f  the phosphorites near the top o f  the c a lc a re n ite  u n it  

may th e re fo re  in d ic a te  a possible Burd iga lian  age fo r  phosphorite depos

i t io n ,  since no major period o f non-deposition is  recorded fo r  th is  time 

in th is  area (Pedley, 1981).

Phosphorites a t  Donnalucata, Pizzo Capra D'Oro, Modica and Contrada 

le Serre are s im i la r  in gross l i th o lo g y ,  w ith regard to both c lasts  and 

th e ir  conta in ing m a tr ix ,  and t h e i r  close association  with T. suevious- 
burrowed horizons. They are a lso  broadly s im i la r  in la te  Lower Miocene 

(Burd iga lian) age, and may represent but a s in g le  phosphogenic event.
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7 .2 .3  Maltese Islands

In the is lands of Malta and Gozo (F ig . 1 .2 ) ,  two major and several 

minor phosphorite horizons occur w ith in  the Lower Miocene Glogigerina  

Limestone Formation. These have long been recorded as "nodule" beds, 

but t h e i r  conglomeratic nature has re c e n tly  been recognised by F e l ix

(1973) and confirmed by Pedley e t a l .  (1976 ).  General features  of the 

two main phosphorite beds have been recorded by Pedley e t a l .  (1976),

Pedley (1 9 78 ),  and Bosence e t a l .  (1 9 8 1 ) ,  and in  much fu r th e r  d e ta i l  by 

Bennett (1980 unpublished).

The lower main phosphorite bed (C-| of Pedley, Qammieh Conglomerate 

Bed of Bennett),  found a t  the base o f the Middle G lobigerina Limestone, 

outcrops throughout Malta  and Gozo, being th ic k e s t  (up to 0 .6  m) and con

ta in ing  the la rg e s t  cobbles in the west, and th in n es t (< 0 . 2  m) a t  

Benghisa Point (586 634) in  southeast M a lta . Everywhere (except Benghisa 

Point where only p a r t ia l  hardground formation has occurred) i t  is  under

la in  by a well developed m ineralised  hardground. Most complete, exten

sive and accessib le  exposures fo r  both fea tu res  are to be found a t  Qammieh 

Peninsula (square 39 81) in  northwest Malta (F ig .  7 .2 )  and west from 

Xwieni Bay (324 932) along the north coast of Gozo to Reqqa Point (313 935), 

(Fig. 7 .2 ;  P lates 7 .4 ,  7 . 5 ) .

The conglomerate comprises poorly sorted , phosphatised l i th o c la s ts  

ranging from cobble (> 120  mm) to sand s ize  (< 1 mm) with both phosphatised 

and unphosphatised b io c la s ts  held in a non-phosphatised fo ram in ife ra l  coc- 

c o l i th  wackestone m atr ix ,  the fo ra m in ife ra  consis ting  of equal amounts of 

benthonic, mainly R o t a l i id ,  and p lanktonic  G lo b ig e r in i id  fo ram in ifera  

(Bennett, 1980). This res ts  on and i n f i l l s  the hardground and underlying  

burrow systems, thus allow ing the conglomerate to extend fo r  a thickness 

of 2-3 m down in to  the Lower G lobigerina Limestone (P lates  7 .4 ,  7 .5 ) .

A d e ta i le d  study of the conglomerate enabled Bennett (1980) to d is 

tinguish three  types of l i t h o c la s t s ,  an autochthonous non-phosphatised 

fauna, and an allochthonous phosphatised fauna (P la te  7 .6 ) .  L ithoclasts  

were d iv is a b le  in to :  glauconite-phosphate pebbles (phosphatised clasts

with no in te rn a l  s tru c tu re  but commonly a g lauconitised  rim) which occur
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singly or w ith in  phospho-composite pebbles; phospho-composite pebbles 

(composed of successive rounded c la s ts ,  each progressively  enlarged by 

the ad d it io n  o f fu r th e r  phosphatised sediment, having previously  been 

bored and abraded to some degree); and remanie hardground m ateria l  

( including eroded hardground surface , vrith a composition s im i la r  to 

the sediments of the underlying Lower G lobigerina Limestone Formation, 

and m inera lised  burrow i n f i l l ) .

Phosphatised b io c las ts  (both tes ts  and casts) include fragments 

of b iva lve  s h e l ls ,  predominantly Chlamys and the tes ts  of the spatangoid 

echinoids Ditremaster^ Sohizaster and Lovenia. The most frequent phos

phatised casts are those of the small pe lag ic  gastropod Cavolina along 

with numerous casts of the s o l i t a r y  corals  Balanophyllia and Flahellim 
(P la te  7 .6 )  and of the gastropod Conus. These along with primary phos

phatic sharks' tee th  (o f Caroharadon megaZodon^ Isurus, Odontaspis^ 
Hemipristis serra^ Lamna, Eeterodontus) cov!\'Ç)ï'\se the al lochthonous phos

phatic macrofauna (Bennett, 1980). The autochthonous macrofauna is  

characterised by p e c t in id  b ivalves  (Chlamys^ Pecten, and Flabellipecten) ̂ 
the b ivalve  Pinna and the bryozoans a lready common in the Lower Globig

erina Limestone; by the leached moulds o f Fautilus and the echinoids  

Sohizaster and Ditremaster (Bennett, 1980).

The hardground is  e s s e n t ia l ly  p lanar (a t  outcrop scale) but has a

rugged r e l i e f  of hollows and "spines" (0 .1 5 -0 .4 0  m am plitude). I ts  

upper surface is  characterised  by intense replacement of lime mud by 

carbonate a p a t i t e  and common g lauconite  impregnation. M in era lisa t io n  

extends down tha lass inoidean burrow systems some 0 .4  m to 0 .5  m in to  the 

underlying sediment. Burrow systems associated with the hardground and 

underlying sediment range from the stenomorphic thalassinoidean form

Thalassinoides paradoxioa found only w ith in  the l i t h i f i e d  sediment form

ing the hardground and passing down in to  the n o n -re s tr ic ted  form 

Thalassinoides suevious found in  assoc iation  with Planolites and 

Chondrites which are common throughout the Lower G lobigerina Limestone.

The phosphorite horizon has been included in the Lower Globigerina  

Limestone Formation, dated as A qu itan ian -B urd iga lian  (Lower Miocene,

Blow, 1969, zones 7N4-N5) by F e l ix  (19 73 ),  and apparently  in the Middle
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Globigerina Limestone, dated as A q u itan ian -B urd iga lian  (Blow, 1969, 

zones ?N4, N6-N7) by G ia n e l l i  & S a lv a to r in i  (1 972 ).  The phosphorite is  

there fo re  of a co n tro vers ia l  Lower Miocene age.

There are no s ig n i f ic a n t  d if fe re n ce s  in l i th o fa c ie s  and micro

faunas between the limestones of the c las ts  and those of the underlying  

and enclosing G lobigerina  Limestone, so phosphatisation is  in fe rre d  to 

have been penecontemporaneous. Lower Miocene in age. However, since  

some elements of the phosphatised macrofauna (notab ly  B a la n o p h y llia  and 

F lahe llum ) have no counterpart in  the unphosphatised surrounding lim e

stone sequence, a source outside the present geographic area o f the 

Maltese is lands is  in fe r re d  (Bennett, 1980).

The upper main phosphorite bed (Cg of Pedley, Xwieni Conglomerate 

Bed of B ennett) ,  found a t  the base of the Upper G lobigerina Limestone, 

outcrops throughout the is lands of M alta  and Gozo but the most extensive  

and accessib le  exposure is  found on the northern coast o f Gozo between 

Xwieni Bay and Reqqa Point (F ig .  7 .2 ,  P lates 7 .7 ,  7 .8 ) .  At th is  lo c a l 

i t y  Bennett (1980) recognises f i v e  in d iv id u a l conglomeratic pulses to  

c o n s t itu te  the bed. The thickness and number o f  the pulses decrease 

ra p id ly  to  the southeast. Only two pulses occur in  northwestern and 

central M a lta . Everywhere (except in southeast Gozo at Hondoq ir-Rummien, 

south o f Qala a t  386 873, F ig . 7 .2 )  the conglomerate is held in  a non- 

phosphatised m atrix  o f fo ra m in ife ra l  wackestone s im i la r  to  the overly ing  

Upper G lobigerina Limestone. At Hondoq ir-Rummien the conglomerate is  

concentrated in to  one bed (0 .1 8  m th ic k )  w ithout non-phosphatised matrix  

resting  above a hardground on top of the Qammieh Conglomerate ind ica tin g  

non-deposition o f the Middle G lobigerina Limestone in th is  area (Bennett, 

1980).

The general compositional fea tu res  of the bed are s im i la r  to those 

of the Qammieh Conglomerate, except th a t  large  cobbles are lacking and 

the sm aller (20-50  mm s iz e )  phospho-composite pebbles dominate with sub

ordinate amounts of f in e r  (1 -30  mm s iz e )  g lauconite  phosphate c la s ts ,  a l l  

composed o f phosphatised fo ra m in ife ra l  limestones (Bennett, 1980). 

Macrofossils amongst the c las ts  include a l l  but Heterodontus l is te d  for  

the sharks' teeth  present in the Qammieh Conglomerate, plus the
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phosphatised te s ts  and casts of Conus^ Cypraea^ CavoHna^ Flabellum, 
Ccœyophyllia^ Cyathooeras^ Cladooera^ Ceratotroohus^ Ostraea^ and, in 

p a r t ic u la r  the echinoids Pti-olampas vassàlï and Ditremastev soiltae 
(Bennett, 1980). The non-phosphatised c la s ts  are dominated by a r ich  

echinoid fauna: Sohizaster evœynotus^ Ditremaster soillae^ Perioosmus

latus, Eohinooyamus stellatus^ Spatangus mavmorae^ Lovenia antevoaltaj 
Eohinolampas scutzformis^ Bvissosp-is duciez and Brissospis CTescenticus 
(C h a l l is ,  1979).

The conglomerate i n f i l l s  a burrow system extending some 0 .3 -0 .4  m 

down in to  the Middle G lobigerina  Limestone (P lates  7 .8 ,  7 .9 ) .  The sys

tem comprises burrows of Thatassznoides suevzous^ Ptanotztes and Chondvztes 
(Bennett, 1980) of v a r ia b le  amounts from almost complete b io turbation  

(P late  7 .8 )  to  only a few tunnels .

The upper main phosphorite horizon is  included w ith in  the Upper 

Globigerina Limestone by F e l ix  (1973) and th e re fo re  dated as Langhian 

(Blow, 1969, zone N9), but although included w ith in  the Upper Globigerina  

Limestone by G ia n e l l i  & S a lv a to r in i  (1 9 72 ) ,  is  dated as Blow (1969) zone 

N8 w ith in  the Langhian.

There are no s ig n i f ic a n t  d if fe ren ces  in the l i th o fa c ie s  and micro

faunas between the limestones o f the c las ts  and those of the enclosing  

Upper G lobigerina Limestone suggesting th a t  phosphatisation was penecon- 

temporaneous. However, the d iverse  phosphatised fauna and lack of cobble 

size c las ts  a t  th is  leve l led Bennett (1980) to conclude th a t  the phos

phorite  was derived  from a source outside the present geographic area of 

the Maltese is lan d s .

The two main conglomerate beds d i f f e r  in th a t  the lower bed is a 

single u n i t ,  c le a r ly  associated w ith  a major hardground, whereas the 

upper bed is  a m u lt ip le  u n it  w ithout an extensive underlying hardground. 

However, they are s im i la r  in c la s t  l i th o lo g y ;  in m atrix; in  th e i r  pres

ence throughout M alta  and Gozo; and in  th e i r  general decrease in bed 

thickness from northwest to southeast.
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7.3 Petrography

7 .3 .1  Observations

Forty  th in  sections (10 each from southwest and southeast S ic i ly ,  

and 20 from the Maltese is lands) were examined under a p o la r is in g  micro

scope to determine the mode o f phosphate occurrence in these rocks.

The mineral f r a n c o l i t e  ( id e n t i f i e d  as ind icated  in Section 7 .4 )  was ob

served to occur in two r e a d i ly  d is t in g u is h a b le  forms ( id e n t i f ie d  by 

comparison w ith  a lready published data on optics and textures in Kerr, 

1959; Cook, 1972; and Manheim e t  , 1980):

1) Dark brown to opaque f r a n c o l i t e  

(P la te s :  7 .1 0 -7 .1 3 )

Dark brown to opaque c ryp to crys ta l  1ine f r a n c o l i t e  occurs as round 

to i r r e g u la r ly  shaped spots and areas g en era lly  50 to 100 y but occas

io n a l ly  200 y across (P la te  7 .1 0 ) ;  as discontinuous laminae some 50-100 y 

th ick and commonly 0 .4 - 1 .0  mm, occas ionally  2-3  mm in length (P la te  7 .1 1 );  

as i r r e g u la r  shaped areas 100-300 y s ize  (P la te  7 .12 ) and as rounded 

p e l le ts  0 .2 - 1 .0  mm in  diameter (P la te  7 .1 3 ) .

Spots show a d i f fu s e  boundary with the surrounding carbonate mud, 

so in d ic a t in g  th a t  they may form by a l t e r a t io n  o f the mud. Where spots 

occur in s id e  fo ra m in ife ra l  chambers, i t  is  possible to recognise a 

sequence whereby in c re a s in g ly  la rg e r  spots progressively  f i l l  the cham

bers, then the pores in  the surrounding te s t  w a l l ,  before the te s t  i t s e l f  

and the enclosing carbonate mud are a l te re d  to f r a n c o l i t e  (P la te  7 .1 0 ) .

Laminae were observed p a r a l le l  to  some c la s t  and bore surfaces 

(P late  7 .1 1 ) .  They often  cap broader laminae o f  the pale yellow  f ra n 

c o l i t e ,  and a l te r n a te  w ith  i t .  On some occasions they can be seen to  

contain rounded spots (P la te  7 .1 1 ) .  Th is ,  along w ith  the d if fu s e  nature 

of the boundaries of the laminae, might suggest th a t  they form as a sec

ondary replacement.

P e l le ts  (P la te  7 .13 ) are round to oval in shape, show no in te rn a l  

s tru c tu re ,  and are formed of very dense opaque f r a n c o l i t e .  The ir  very 

sharp boundaries w ith  the adjacent sediment suggest th a t  they may be
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transported grains or th a t  they are p r e f e r e n t ia l l y  phosphatised r e la t iv e  

to t h e i r  surrounding m a tr ix .

2) L ight y e l lo w , ye llow  orange, to orange brown f r a n c o l i t e  

(P la tes :  7 .1 4 -7 .1 7 )

This p a le r  coloured f r a n c o l i t e  is  is o tro p ic  to su b -iso tro p ic ,  

often granular (w ith  grains 5-10 y across); sometimes amorphous; some

times speckled w ith  opaque i r r e g u la r  spots 10-30 y in  s iz e .  I t  occurs: 

in fo ra m in ife ra l  chambers and enclosing m a tr ix ,  where i t  appears to rep

lace carbonate mud (P lates  7 .1 4 ,7 .1 5 ) ;  w ith in  the c a lc i te  in te rg ran u la r  

cement, where i t  forms a carious te x tu re  w ith  the c a lc i te  c ry s ta ls ,  

e ith e r  re p la c in g ,  or being replaced by them (P la te  7 .1 6 ) ;  p a ra l le l in g  

some c la s t  margins (and fra c tu re  surfaces) forming rims 50 y to 2 mm 

th ick  w ith sharp o u te r ,  and d i f fu s e  inner boundaries (P la te  7 .1 0 ) ,  sug

gesting th a t  i t  p rogress ive ly  replaced the carbonate mud towards the 

in t e r io r ;  as a l te r n a t in g  laminae of ye llow  brown and opaque f ra n c o l i t e  

in bore i n f i l l s ;  as p o re - l in in g  cement; and as coatings, sometimes mul

t ip le  (thus forming a s u b -o o l i t ic  t e x tu r e ) ,  on surfaces and c lasts  ( in  

the Maltese phosphorites o n ly ) ,  showing sharp boundaries with the sub

s tra te  (P la te  7 .17 ) th e re fo re  suggesting primary p re c ip i ta te  ra th e r  than 

secondary replacement.

7 .3 .2  V a r ia t io n  w ith  L o c a l i ty

In southwest S i c i l y ,  the dark f ra n c o l i t e s  predominate, occurring  

as spots w ith in  c la s ts ,  as laminae p a r a l le l in g  the perimeter of c lasts  

at the e x t e r io r ,  and as spots and laminae w ith in  the sediment i n f i l l i n g  

bores w ith in  the c la s ts .  Paler ye llow  brown f r a n c o l i t e  is  subordinate, 

but common, impregnating the outer surfaces o f  the c las ts  and l in in g  

borings which penetrate  the c la s ts ,  commonly a lte rn a t in g  w ith laminae 

of opaque f r a n c o l i t e .

Only one major period o f phosphatisation can be in fe rre d  from the 

textures observed. Furthermore, since both the c las ts  and the bore in 

f i l l s  have been phosphatised, i t  is  in fe r re d  th a t  phosphatisation took 

place below the sediment water in te r fa c e .  Phosphatisation took the form
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of a l t e r a t io n  of the in t e r io r  o f the c la s t  and bore i n f i l l  a t  randomly 

spaced is o la te d  nuclei forming opaque aggrading spots; progressive  

a l t e r a t io n  o f  the e x te r io r  o f  the c la s t  towards the in t e r io r  forming 

yellow  brown f r a n c o l i t e  rims; and a l t e r a t io n  o f the bore i n f i l l s  and 

c la s t  enclosing sediment in zones p a r a l le l  to the b o re /c la s t  walls  

forming a l te rn a t in g  poorly defined  laminae o f  ye llow  brown and opaque 

f r a n c o l i t e  (P la te  7 .1 1 ) .

No c ro s s -c u tt in g  re la t io n s h ip s  can be id e n t i f ie d  between these 

modes o f  f r a n c o l i t e  occurrence to suggest separate periods of phosphat

is a t io n .

In southeast S i c i l y ,  dark f r a n c o l i t e  occurs as i r r e g u la r ly  shaped 

areas and as poorly defined discontinuous laminae a t  the outer surfaces 

of c la s ts .  I t  a lso  occurs in p e l le t  form. However, the dominant f ra n 

c o l i t e  is  th a t  o f the p a le r  l i g h t  ye llow  to y e llow  orange optica l type 

which occurs as replacement o f carbonate mud in  fo ra m in ife ra l  chambers; 

in the in te rg ra n u la r  m atrix  of the hardground, where i t  possibly rep

laces c a lc i te  c ry s ta ls  or is  replaced by them (a fea tu re  o f common oc

currence (K e rr ,  1959) and recorded by H ew itt (1980) and Horton e t  a Z . ,

1980); and in the c la s ts  and m atrix  of the overly ing  conglomerate. Only 

one period of phosphatisation can be in fe r re d  since cross -cu tt ing  r e l 

a t io n sh ip s , o f  the various modes o f carbonate a p a t i t e ,  are not observed.

On Malta and Gozo, pale ye llow  orange f r a n c o l i t e  predominates, 

replacing carbonate mud in  the hardground and in the c las ts  of both the 

Qammieh and Xwieni Conglomerates where the mud is  progressively  replaced 

towards the i n t e r i o r .  I t  a lso occurs as primary p re c ip ita te d  coatings on 

clasts  and hardground surfaces (P la te  7 .1 7 ,  and Bennett, 1980, P late

3 .1 6 .2 )  in the Qammieh Conglomerate, and as a p o re - l in in g  cement in the 

Xwieni Conglomerate a t  Qala (Bennett, 1980, P la te  3 .2 2 .1 - 3 ) .  Opaque 

f r a n c o l i t e  is  subordinate, but common, occurring as i r r e g u la r  areas, some

times coalescing , w ith in  the hardground below the Qammieh Conglomerate; 

with in  c las ts  o f both the Qammieh and Xwieni Conglomerates; and as im

pregnated coatings on the surfaces of the hardground and c la s ts .

Bennett (1980) notes th a t  complex cycles o f  sedimentation, boring.
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encrusta tion , g la u c o n i t is a t io n ,  phosphatisation and erosion are apparent 

in many of the c la s ts .  Up to s ix  periods of boring and phosphatisation  

were id e n t i f ie d  (P la te  7 .1 8 )  in  the th in  sections s tudied . Bennett

(1980) suggests th a t  g lauconite  impregnation of surfaces is  often a pre

cursor to phosphatisation. This however, was not recognised in th is  

study. Rather, g la u c o n it is a t io n  appears to take a p a ra l le l  r o le ,  occur

ring rep lac ing  i n f i l l s  of fo ra m in ife ra l  chambers; and as impregnations 

of hardground and c la s t  surfaces. I t  can be seen to predate and post

date f r a n c o l i t e .

7 .3 .3  Discussion

Although the auth ig en ic  f r a n c o l i t e  described here varies from 

opaque to pale y e llo w  in  appearance, and from small spots to la rg e r  areas 

or to laminae in  occurrence, i t s  tex tures  are predominantly those of rep

lacement and less commonly those o f primary p re c ip i ta te s .

The replacement of lime mud and fo ra m in ife ra l  tests  by f ra n c o l i t e  

is of common occurrence, and has already been recorded by Ames (1959, 

1960), D 'Angeljan (1967, 1968), McConnell (1973 ),  Bennett (1980) and 

Manheim et al. (1980 ).  In p a r t ic u la r ,  Manheim et al. include colour pho

tomicrographs of opaque and l i g h t  y e l lo w  f r a n c o l i t e  both of which replace  

carbonate mud, and the l a t t e r  fo ra m in ife ra l  te s ts .

Primary p re c ip i ta te s  of phosphate have been described from the 

Maltese islands by Bennett (1 980 ),  who id e n t i f ie d  them as d a h l l i t e .  

Bennett's th in  sections were re-examined during the present study, and 

his in te r p r e ta t io n  of p o re - l in in g  cement and encrusting laminae, sometimes 

forming s u b -o o l i t ic  te x tu re ,  as primary is  confirmed. However, the iden

t i f i c a t io n  of these as d a h l l i t e  is  not confirmed fo r  the reasons set out 

in the fo l lo w in g  Section.

D ire c t  p re c ip i ta t io n  o f d a h l l i t e  has been recorded by Braithwaite  

(1968) and Trueman (1971) fo r  Recent t e r r e s t r i a l  phosphatic deposits on 

Remire is land in  the Indian Ocean. P re c ip i ta t io n  of (u n d if fe re n t ia te d )  

carbonate a p a t i te  in  the marine environment has been recorded by Burnett

(1977) and Birch (1980) as cement, and by Cook (1972 ),  Birch (1978) and
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Horton e t  a l .  (1980) as o o l i t i c  g ra in s . The recogn it ion  of these f e a t 

ures in the Maltese phosphorites is  th e re fo re  not remarkable.

F ra n c o l i te  in opaque p e l le t  form has been recognised only from 

Donnalucata (southeast S ic i l y )  w ith in  the study area . I t  is however, of 

common occurrence and has been recorded: from the Permian Phosphoria

Formation by Emigh (1958, 1967); from the Cambrian of Queensland, 

A u s tra l ia  by Cook (1972); from the Miocene o f F lo r id a  by Riggs (1980); 

and from the Recent, o f f  the west coast of Peru (B u rn ett ,  1980) and 

South A fr ic a  (B irc h , 1980). Emigh showed th a t  the p e l le ts  had c a lc i t i c  

precursors and suggested th a t  they formed by the phosphatisation of them. 

Cook (1972) suggested th a t  some o f  the s tru c tu re less  p e l le ts  formed by 

the phosphatisation o f rounded biogenic calcareous fragments or by the 

reworking of collophane mud (as proposed by Russell and Trueman, 1971). 

Non-phosphatised rounded p e l le ts  are present in a s ing le  p a r t i a l l y  phos

phatised conglomerate c la s t  from Contrada le  S erre , southeast S ic i l y .

In the absence o f any collophone mud deposit in  the area i t  is  possible  

that these may be the precursors o f the opaque f ra n c o l i t e  p e l le ts  found 

at Donnalucata.

In conclusion, phosphorites from southwest S ic i ly  and southeast 

S ic i ly  are formed e x c lu s iv e ly  by f r a n c o l i t e  rep lac ing  p re -e x is t in g  lime

stone in a s in g le  id e n t i f i a b le  phase in an environment below the sediment 

water in te r fa c e .  Those of the Maltese is lands are predominantly rep -  

laci ve f r a n c o l i te s  w ith  minor amounts of primary cements and fi lm s  (iden

t i f i e d  as d a h l l i t e  by Bennett, 1980), in  sediments with a complex diagen- 

e t ic  h is to ry .

7.4 Mineralogy

7.4.1 Analyses

Twenty powder samples together comprising ten rocks from southwest 

S ic i ly ,  and f i v e  from Malta and Gozo were prepared and analysed by X-Ray 

D if f ra c t io n  (XRD) using the technique described in  Appendix I .  Descrip

tions o f  the samples and th e i r  s t ra t ig ra p h ie  and geographic sources are 

included in  Table A2.1 of Appendix I I .
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The ten samples from southwest S ic i l y  were co llec te d  a t  Nadorello  

east, since th is  is the la rg e s t  and le a s t  weathered phosphorite outcrop. 

Several whole pebbles were analysed to assess any v a r ia t io n  of phosphate 

mineralogy between pebbles. A d d i t io n a l ly ,  separate analyses were made 

of pebble coatings and pebble in te r io r s  to te s t  fo r  v a r ia t io n  w ith in  

pebbles.

In southeast S i c i l y ,  the f i v e  samples were co llec ted  from 

Donnalucata, and represent both the phosphorite c la s ts  and the surface  

of the underlying hardground. Those from the Maltese islands were c o l

lected from the Qammieh Conglomerate and i t s  underlying hardground a t  

Qammieh and from the Xwieni Conglomerate bed to the west of Xwieni Bay. 

These two l o c a l i t i e s  were sampled by Bennett (1980) and d ire c t  compari

son is  th e re fo re  possible w ith  his more extensive analyses of Maltese  

phosphorites.

Samples were chosen from rocks with known f lu o r in e  values (Section  

7.5) so th a t  sample range might extend from high (1.96%) to low (0.57%) 

f lu o r in e  va lue . This was done to t e s t  fo r  the presence of both the high 

f lu o r in e  c a rb o n a te -a p a t i te  "c a rb o n a te - f lu o ra p a t i te "  ( f r a n c o l i t e )  and the 

f lu o r in e  depleted "carbonate-hydroxyapatite" ( d a h l l i t e )  since both min

erals  have been reported in sedimentary a p a t i t e  (McConnell, 1973; Bennett, 

1980).

7 .4 .2  Results

Measurements o f l a t t i c e  "d-spacings" fo r  a l l  twenty samples are

given in  Table A2.2 o f Appendix I I .  These data are a l l  consistent with

the range of values recorded f o r  f r a n c o l i t e  (B erry , 1974; J a rv is ,  1980), 

and s u f f i c i e n t ly  d i f f e r e n t  from those of d a h l l i t e  (B erry , 1974) to be

able to d is t in g u is h  the mineral as f r a n c o l i t e .  Mean value XRD data fo r

the samples from southwest S i c i l y ,  southeast S ic i l y  and the Maltese 

islands are given in Table 7 .1 .  There is  no s ig n i f ic a n t  d if fe ren ce  

between mean values from the d i f f e r e n t  l o c a l i t i e s .  Moreover, comparison 

with published data fo r  both syn th e t ic  f r a n c o l i t e  (Berry , 1974) and other 

sedimentary f ra n c o l i te s  (J a rv is ,  1980) (Table 7 .2 )  ind icates  no s i g n i f i 

cant d if fe re n c e  in  mineralogy.



182

(a )  (b) (c )

hkl d(B) I / I o d (8 ) I / I o d (8 ) I / I o

100 8 .1 1 1 7 8.109 7 8 .111 6

200 4.048 7 4.047 7 4.048 6

111 3.862 6 3.868 7 3.866 7

002 3.439 39 3.439 41 3.439 39

102 3.165 15 3.168 16 3.163 15

210 - - - - - -

211 2.787 100 2.789 100 2.784 100

112 2.771 54 2.773 55 2.769 54

300 2 .6 8 6 50 2.680 50 2.679 51

202 2.618 29 2.619 29 2.618 31

301 2.505 7 2.507 7 2.507 7

212 2.282 - 2.283 - 2.281 -

310 2.238 24 2.238 22 2.236 24

221 2.209 5 2.208 5 2 .2 1 2 5

311 - - - - - -

302 2.125 6 2.125 6 2.125 6

113 2.058 8 2.059 7 2.059 6

400 - - - - - -

203 1.996 6 1.996 6 1.995 6

222 1.928 27 1.930 28 1.927 27

312 1.876 - 1.874 - 1.875 -

320 1.853 6 1.852 6 1.852 5

213 1.834 30 1.835 31 1.833 30

321 1.786 12 1.785 12 1.785 12

410 1.760 12 1.759 12 1.760 12

402 1.740 12 1.740 12 1.740 13

004 1.723 14 1.722 14 1.722 14

322 1.628 - 1.627 - 1.627 -

313 1.602 - 1.601 - 1.602 -

TABLE 7.1 XRD a n a lys is .  Mean values o f  d-spacings (d (8 ) )  and 
peak in te n s ity  ( I / I o )  fo r  phosphorite samples from 
(a ) southwest S ic i l y  (n = 1 0 ) ,  (b) southeast 
S ic i l y  (n = 5 ) ,  and (c) M alta  (n = 5 ) .  For tech
niques and raw data see appendices.
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( a )  (b)

hkl d(B) I / I o d (8 ) I / I o

100 8 .1 2 8 8 .08 6

200 4.055 8 4.04 6

111 3.872 8 3.87 6

002 3.442 40 3.45 45

102 3.167 14 3.17 16

210 3.067 18 3.05 18

211 2.800 100 2.79 100

112 2.772 55 2.77 55

300 2.702 60 2.69 50

202 2.624 30 2.62 30

301 2.517 6 2.51 4

212 2.289 8 2.28 8

310 2.250 20 2.24 20

221 2.218 4 - -

311 2.140 6 2.13 6

302 2.128 4 - -

113 2.061 6 2.06 6

400 2.028 2 2 .0 2 2

203 1.997 4 1.998 4

222 1.937 25 1.931 25

312 1.884 14 1.878 12

320 1.862 4 - -

213 1.837 30 1.836 30

321 1.797 16 1.789 12

410 1.771 14 1.762 10

402 1.748 14 1.742 10

004 1.722 16 1.724 16

322 1.637 6 1.632 4

313 1.607 4 1.604 2

TABLE 7.2 XRD data. Values o f  d- spacings
and peak in te n s ity  ( I / I o )  o f  (a ) syn
t h e t ic  f lu o r a p a t i t e  standard (from Berry, 
1974) and (b) French Cretaceous carbonate- 
f lu o r a p a t i te  (from J a rv is ,  1980).
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Samples from Nadorello east (southwest S ic i l y )  show no d is t in c 

tion in mineralogy between phosphate coating the pebbles and th a t  w ithin  

the pebble in te r io r s  (compare XRD data fo r  RTB 19A with RTB 19B, Table 

A 2.2).

A ll  twenty samples were found to be composite, containing both 

f ra n c o l i te  and c a lc i t e  (along with a small amount of f re e  quartz in the 

southeast S ic i l y  and Maltese samples). The presence of these other min

eral phases was detected by th e i r  respec tive  XRD pa tte rns . In samples 

low in f lu o r in e  (e .g .  M12) and th e re fo re  expected to contain d a h l l i t e ,  

i t  vas the c a lc i t e  which had the e f f e c t  of reducing the weight % of 

f lu o r in e  in the sample, and th e re fo re  g iv in g  a misleading impression of 

d a h l l i t e .  The actual phosphate m in era l ,  however, was always f ra n c o l i t e  

(compare Table A 2 .2 , with Table 7 .2 ) .

The sample r ic h e s t  in  f lu o r in e  (sample RTB 19A with 1.96% F) has 

r e la t iv e  proportions of some 82% f r a n c o l i t e  and 18% c a lc i t e .  These 

were ca lcu la ted  by comparing the peak sizes of the c a lc i te  100 in te n 

s ity  peak (a t  3 .035 S d-spacing) of a pure limestone from southwest 

S ic i ly  w ith  th a t  o f phosphorite sample RTB 19A. The proportion of c a l 

c ite  in sample RTB 19A could th e re fo re  be estim ated , leaving a residue 

a t t r ib u ta b le  to f r a n c o l i t e .  (This es tim ate , however, is  only approx

imate since a s t a t i s t i c a l  population of peak sizes on XRD graphs of both 

the sample and the comparative limestone should be studied and the f a c t 

ors l is te d  in  Zussman, 1977, taken in to  account). The value of 82% 

f r a n c o l i te ,  however, does appear reasonably accurate in th a t  i t  is con

s is ten t w ith  o ther analyses (see below).

The amount of P2 O5 in sample RTB 19A was determined by plasma an

alysis (Section 7 .5 )  as 28.04%. I f  th is  represents 82% f ra n c o l i t e  in  

the sample, and assuming th a t  a small amount ( 0 . 1%) of P^Og was present 

in the o r ig in a l  unphosphatised limestone (since s im i la r  values were an

alysed in the pure limestones. Table 7 .8 ) ,  the P^Og value may be c a lc 

ulated fo r  pure f r a n c o l i t e  as approximately 34%, a value s im ila r  to tha t  

(35.01%) obtained by Deer et al. (1966) fo r  f r a n c o l i t e  from an a lte red  

lava. In support of th is  observation the f lu o r in e  value fo r  the f ra n 

c o l ite  in RTB 19A is  ca lcu la ted  as 2.32%. A s im i la r  value (2.30%) is
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obtained from F ig . 7 .10  (PgOg v F) fo r  a f r a n c o l i t e  with 34% PgO^.

7 .4 .3  Discussion

The major phosphate mineral in phosphorites is carbonate a p a t ite  

with v a r ia b le  q u a n t i t ie s  o f su b st itu en t f lu o r in e  (McConnell, 1973). 

Consequently, i t  is possible to d is t in g u is h  {fide Deer et a Z . , 1966) a 

r e la t i v e ly  high (> 1% F) f lu o r in e  carbonate a p a t i te  (c a rb o n a te - f lu o r 

a p a t i te ,  f r a n c o l i t e )  from a low (< 1% F) f lu o r in e  carbonate a p a t ite  

(carbonate-hydroxyapatite , d a h l l i t e ) .

Deer et; aZ. (1.962, 1966) note th a t  there  is  an isomorphous series  

between the end members f lu o r a p a t i t e  (Ca-|o(P0 4 )gF2 ) and hydroxyapatite  

(CaiQ(P0 4 )g0 H2 ) . This is  l i k e l y  to occur in the carbonate ap at ites  also. 

The chemical composition of carbonate a p a t ites  is  approximated by 

D'Angeljan (1967) and Tooms et al. (1969) as:

CaiQ(PQ4CÜ3)gF2-3

McClellan (1980) gives the f r a n c o l i t e  formula as:

C h o - x - y N ^ x % ( P 0 4 ) 6 - z ( ‘= ° 3 ) /o .4 z ^ 2

This range in composition is  presumed to account fo r  the s l ig h t  v a r ia t io n  

in d-% spacing recorded in Tables A2.2 and 7 .2 ,  v a r ia t io n  which is not 

great enough to c h arac te r ise  a mineral other than f r a n c o l i t e .

F ra n c o l i te  is  by f a r  the most common sedimentary carbonate a p a t ite  

mineral (McConnell, 1973), so i t s  occurrence in these samples is unrem

arkable. D a h l l i t e ,  a less frequent m in era l,  has an a f f i n i t y  fo r  f lu o r in e  

(McConnell, 1973) which u l t im a te ly  re s u lts  in i t s  conversion to f ra n c o li te

Bennett (1980) d is tingu ished  d a h l l i t e  as a mineral forming coatings 

by d i r e c t  p r e c ip i ta t io n  in  con tras t to f r a n c o l i t e  as a replacement mineral 

in c las ts  and hardgrounds of the Maltese is lan d s . His observations are 

consistent w ith  those of B ra ith w aite  (1968) and Trueman (1971) who rec 

orded the p r e c ip i ta t io n  of d a h l l i t e  a lb e i t  in  a freshwater environment in 

Recent phosphatic deposits from Remire is land  ( Ind ian  Ocean); also with 

Ames (1959, 1960), D'Angeljan (1967, 1968) and McConnell (1973), who des

cribe replacement of limestone by f r a n c o l i t e .  However, analyses tabulated
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here do not confirm Bennett's  f in d in g s .  In the case of the Maltese 

samples, th is  may be a r e s u l t  of l im ite d  sampling, because examples of 

the d a h l l i t e  coatings described by Bennett (1980) were not obtained 

during the au thor 's  f i e l d  season on M alta . However, in the case of the 

western S ic i l y  phosphorite, both coatings and c la s t  in te r io rs  were ob

served and sampled, and f r a n c o l i t e  is  the only phosphate mineral pres

ent. This is  consis ten t w ith  pétrographie evidence (Section 7 .3 )  tha t  

the S ic i l i a n  phosphorite coatings are secondary replacements ra ther  

than primary p re c ip i ta te s .

7.5 Major Element Geochemistry

7.5.1  In tro d u ctio n

F i f ty - tw o  powder samples o f phosphorites and limestones (c o l 

lected from southwest S i c i l y ,  southeast S ic i l y  and the Maltese is lands)  

were analysed on the in d u c t iv e ly  coupled plasma (ICP) spectrometer, as 

outlined in  Appendix I ,  to determine the r e la t i v e  concentrations of ten 

major elements (P, Ca, S i ,  Fe, A1, Mg, Na, K, Ti and Mn). Descriptions  

of the samples and t h e i r  s t ra t ig ra p h ie  and geographic sources are given 

in Table A2.1 o f Appendix I I .  The absolute abundances of these element 

oxides are given in Tables 7 .3  to 7 .8 .

A d d i t io n a l ly ,  f lu o r in e  content was determined by c a lo r im e tr ic  

method as ou tl in ed  in  Appendix I .  An attempt was also made to analyse 

fo r  HgO and CO2 using the method proposed by Groves (1937). Results 

were in c o n s is te n t ,  and since XRD analyses had shown th a t the phosphorite 

samples were composite in  conta in ing  both f r a n c o l i t e  and c a lc i te  (Sec

tion 7 .4 ) ,  values fo r  CO2 content in  the f r a n c o l i t e  were masked by CO2 

derived from the c a l c i t e .  A l te rn a t iv e  techniques fo r  separate CO2 and 

H2O analyses were th e re fo re  not attempted, but t h e i r  combined value is  

approximated to in  the Tables as the "loss on ig n i t io n " ,  in the manner 

adopted by Deshmukh (1979) and Lucas, Prevot & Trompette (1980).

Values fo r  each o f  the metal oxides (except MnO, since i t  is  pres

ent in very small amounts and shows l i t t l e  v a r ia t io n  in abundance) are 

plotted (along with F) against P2 O5 or CaO in Figs 7 .3  to 7 .19 .
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i - 1 E

LO CM ro O  LO 
LO OD CO CM O

ro ro ro f—  ^ro LO O  ro LO LO

L O l O r O ^ r O L O C M C M L O # —  C Û L O C M  r ' - C M C M r o L n r - O r —  O O O ^ ^ L O " i s

O O O C M C O r O f —  o o l o l oM - O ^ L O L O L O C O O ^ f —  O  
t O l O C M O O O O O O

LO CM CM O  O  O  f—

CO CO 00 »“ CM o

L O L O O ^ O 3 L O O ^ ^ C 0 L O C M M . ^ r ~ .  
L o r o ^ » —  c o o c M r o o O L O L O C T t

LO o> *“ •

LO ^  p—  ro TM '—  ro

E  ^  O  ^  

ir 03 E  LO

r O L O O ^ C T i L O L O O ^ r O L O  r—  f—  P ~ - C O L O C O O ^ C M ( Z )
^ r O C M r —  0 0 0 0 0 00 CO CT3 CM ro

CM CM LO CO LOLO LO LO CO o •— o

ro LO LO CM #—  ro

E E CM O  O  O  C\
O  CM CM O  CM O  O  <U «—  O) fO CM
LO Li_ cr r: z  >—

190



191

Sample
Element

Ml 6 Ml 7 Ml 8 Mean

P2O5
0.92 0.61 1.30 0.94

CaO 57.49 57.73 56.97 57.39

SiOg 1.36 1.41 1.33 1.37

FegOs 1 .11 0.81 0.55 0.82

A I2O3 0.27 0 .28 0 .28 0.28

MgO 0.80 0 .84 1.03 0.89

NagO 0.32 0.15 0 .2 0 0 .2 2

K2O 0.13 0 .14 0 .13 0.13

T i 02 0.03 0 .0 2 0 .0 2 0 .0 2

MnO <0 .0 1 <0 .0 1 <0 .0 1 <0 .01

F 0.03 0.03 0 .04 0.03

LOI 38.27 38.95 39.05 38.76

Total 100.74 100.98 100.91 1 0 0 .8 6

Sc 38 40 45 41

V 25 25 27 26

Ni 33 27 25 28

Cu 1 2 1 1

Sr 348 329 350 342

Y 10 10 12 11

Zr 0 0 0 0

Ba 36 32 37 35

TABLE 7 .7  Maltese phosphorites: major and trace  element
geochemistry ( c .p .  TABLE 7 . 3 ) .  Samples from 
term inal Lower C o ra l l in e  Limestone hardground 
(M l6 ) and whole c las ts  from i t s  i n f i l l i n g  
conglomerate (M l7, Ml8 ) from Qammieh, north
west M a lta .
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The abundances o f FegO^ and Al^O^ a re ,  in  tu rn , p lo tted  against  

Na2Û and KgO in Figs 7.20 to 7 .23  to  demonstrate any possible d ich o tic  

re la t io n sh ip s  between the t r i v a l e n t  and un iva len t cations which a l l  

possibly rep lace  the Ca^* ion.

7 .5 .2  V a r ia t io n  in Abundance o f P2 0 g and S i02

Values fo r  PgOg are g en era lly  high (> 10%) in a l l  Tables except 

Tables 7 .7  and 7 .8 .  From Table 7 .7  i t  can be seen th a t  the limestone 

forming the term inal Lower C o ra l l in e  Limestone hardground and i t s  over- 

ly ing  conglomerate is  not s ig n i f ic a n t ly  phosphatic. The limestone does, 

however, contain s l ig h t ly  h igher abundances o f P^Og (and Fe2 0g and NagO) 

than the pure limestones from southwest S ic i l y  (Table 7 .8 ) ,  suggesting 

that some m in e ra l is a t io n  has taken p lace . Furthermore, Bennett (1980) 

records a PgOg content of 5.38% from the hardground elsewhere ( Is  s ika)  

on Malta in d ic a t in g  th a t  s ig n i f ic a n t  m in e ra l is a t io n  does occur a t  th is  

time and le v e l .  The very high (34%) P2 0 g content o f  sample 3 6 . IB (Table 

7 .4 ) r e f le c ts  the f is h  tooth debris  composition of th is  sample which is  

therefore  probably pure carbonate a p a t i t e .

Values f o r  SiO^ are g en era l ly  low (< 4%, most commonly < 3%) ex

cept in some samples from southeast S ic i l y  and the Maltese is lands . The 

higher values o f  S i02 in these samples c o r re la te  w ith the presence of  

small amounts o f f re e  quartz  detected in the phosphatised limestones of 

these areas by th in  section petrography and XRD. The very high SiO^ 

value o f  3 6 . lA (Table 7 .4 )  is  due to the phosphatised s i l t y  limestone 

composition of th is  sample.

7 .5 .3  V a r ia t io n  of Major Elements r e la t i v e  to P^Og

Figures 7 .3  to  7 .10 are separate b iv a r ia te  p lots o f element 

(oxide) against PgOg. Except fo r  MgO (F ig .  7 .6 )  a l l  the elements show 

an enrichment in the phosphorites r e la t i v e  to  the limestones; and to 

some exten t show p o s it iv e  c o rre la t io n s  (w ith  high variance) with P^Og 

abundance. (MgO shows an enrichment in the Maltese and southeast S ic i ly  

phosphorites o n ly ) .  This enrichment, seen in a l l  the phosphorites, sug

gests th a t  the elements are introduced in the phosphatisation process 

and th a t  they are held in the f r a n c o l i t e  l a t t i c e .
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Key to symbols used in Figures 7 .3  to 7 .37

Southwest S ic i ly  phosphorite (Nadorello  

east lo c a l i t y  o n ly ) .

^  Southwest S ic i l y  phosphorite (various  

l o c a l i t i e s ) .

□

O

A

Southeast S ic i ly  phosphorites and 

hardground.

Maltese islands phosphorites (from w ithin  

the G lobigerina Limestone Formation).

Maltese is lands phosphorites (a t  the terminal 

Lower C o ra l l in e  Limestone hardground).

Southwest S ic i l y  Limestones (Upper Cretaceous 

and Upper O ligocene).
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Figures 7 .3  
to 7.11

V a r ia t io n  of the major elements r e la t iv e  to  
P2 0 g: b iv a r ia te  p lo ts  o f  weight% PgOg against
weights major element (o x id e ) .

Figure 7 .3 ^2°5 V SiOg

Figure 7 .4 P2O5 V Fe^Os

Figure 7 .5 ^2^5 V A I 2O3

Figure 7 .6 ^2^5 V MgO

Figure 7.7 ^2^5 V NagO

Figure 7 .8 ^2^5 V K2O

Figure 7 .9 ^2^5 V T i 02

Figure 7.10 ^2^5 V F

Figure 7.11 ^2^5 V •X'
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The form of these graphs is  shown in  F ig .  7 .1 1 ,  a hypothetical  

graph, which p lots  PgOg against element (oxide) x. Pure f ra n c o l i te  

plots w ith in  e l l ip s e  A. The length of 'a '  and i t s  pos it ion  along the 

(element) x axis is dependent on many fa c to rs  inc lud ing: the a b i l i t y

of f r a n c o l i t e  to incorporate  x in i t s  l a t t i c e ;  a v a i l a b i l i t y  of x; av

a i l a b i l i t y  of other elements su b s t itu t in g  in the same s ites  as x; and 

weathering e f f e c t .  Pure limestone p lo ts  w ith in  e l l ip s e  B. The length 

of ' b' is  shorter since c a lc i te  does not incorporate  as many s u b s t i t 

utions, i t s  length is probably governed by im purit ies  w ith in  the lim e

stone. The v e r t ic a l  axes of the e l l ip s e s  are short and th e i r  position  

along the P2O5 axis is  governed by the amount of P^Og found in f r a n -  

co lites  and limestones. Composite specimens of limestone and fra n c o l

i te  p lo t  anywhere in  the zone de lim ited  by the two e l l ip s e s .

The p o s it iv e  c o rre la t io n s  with PgOg found in Figs 7 .3  to 7.10  

are there fo re  due to  the progressive replacement of c a lc i te  by f ra n c o l

i t e .  The high variance about the regression or mixing axis ( in  Figs

7.3 to 7 . 9 )  is  an e f f e c t  of the fac to rs  c o n tro l l in g  the lengths of 'a ' 

and ' b ' ,  l is t e d  above. The low variance present in the F v P^Og reg

ression (F ig .  7 .10 ) may be an e f fe c t  of the l im ited  su b st itu t io n  a t  the 

F s ite  in the f r a n c o l i t e  l a t t i c e .  F" is  thought to su b st itu te  fo r  OH", 

Cl" and COg^" in the carbonate a p a t i te  l a t t i c e  (M cClellan, 1980).

7 .5 .4  V a r ia t io n  of Major Elements r e la t iv e  to CaO

Figures 7 .12  to 7 .19  are separate b iv a r ia te  plots of element ox

ide against CaO. A l l  oxides except P^Og and T i 02 show a negative cor

re la tion  with CaO abundance. This e f fe c t  is  again probably due to the 

progressive replacement of c a lc i t e  by f r a n c o l i t e .  In a l l  graphs the 

unphosphatised limestones p lo t  towards the top l e f t  w h i ls t  samples with  

increasingly more f r a n c o l i t e  p lo t  progressively  towards the bottom r ig h t .  

The high variance about the axes of regression /m ixing r e f le c ts  m ultip le  

substitution of the Ca^^ ion by a l l  the elements.

The absence of a negative c o rre la t io n  with TiOg (F ig .  7 .19) may 

be due to the very low abundances of th is  oxide, so th a t  any r e la t io n -
p  ,

ship with CaO is  masked by other elements s u b s t itu t in g  fo r  the Ca ion,

on by the composite nature of the samples. The absence of any corre la tion
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Figures 7.12 V a r ia t io n  o f  the major elements r e la t iv e  to  
to 7.19 CaO: b iv a r ia te  p lo ts  of weight% CaO against

weight% major element oxide.

Figure 7 .12 CaO v PgOg

Figure 7 .13 CaO v S i02

Figure 7.14 CaO v FegOg

Figure 7.15 CaO v A I2O3

Figure 7.16 CaO v MgO

Figure 7 .17  CaO v NagO

Figure 7 .18  CaO v K2O

Figure 7.19 CaO v TiOg
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in the CaO-P^O^ p lo t  (F ig .  7 .12 ) is probably a function  of the high 

q u an tit ie s  of CaO in both c a lc i te  and f r a n c o l i t e .  Any replacement of 

the former by the l a t t e r  has l i t t l e  e f f e c t  on the CaO abundance.

7 .5 .5  V a r ia t io n  of Pe203  and A I2O3 with NagiO and K̂ O

Figures 7 .20  to 7 .23  show the b iv a r ia te  p lots of KgO v Al^O^ and 

Fe2 0 3 ; and Na2 v AlgOg and FegOg. A l l  show p o s it iv e  corre la t io n s  which 

increase in variance w ith  g rea te r  abundances of each oxide. These 

graphs demonstrate the possible d ic h o tic  re la t io n s h ip  of the univalent  

ions (Na and K) w ith the t r i v a l e n t  ions (A1 and F e ),  since when one in 

creases in abundance, the other does a lso . A ll  possibly replace the
p  I

Ca ion with which they have negative c o rre la t io n s  (Figs 7 .1 4 ,  7 .15 ,  

7.17, 7 .1 8 ) .  I t  must be noted however, th a t  d ich o tic  re la t ionsh ips  

cannot be proven since the exact location  of the elements is not known.

7 .5 .6  V a r ia t io n  of Major Elements w ith Geographic Area

D ifferences  in the major element geochemistry in the phosphorites 

from southwest S i c i l y ,  southeast S ic i l y  and the Maltese islands are best 

emphasised when the oxides are p lo tte d  against P^Og content. The oxides, 

MgO, Na2Ü and TiÜ2 (Figs 7 .6 ,  7 .7  and 7 .9 )  show d iffe rences  in abundance 

between the d i f f e r e n t  c o l le c t in g  areas r e la t iv e  to content. Na2Û 

shows g reater  abundances ( r e la t iv e  to P2O5 ) in the Maltese and southeast 

S ic i ly  phosphorites (which p lo t  together) than in the southwest S ic i ly  

phosphorite. This fe a tu re  may be primary or may be an aspect of weather

ing since Na is  r e a d i ly  removed (McArthur, 1978, 1980) and w i l l  be less 

abundant in the o lder southwest S ic i ly  phosphorite. MgO and T i02 show 

differences which are presumably primary, MgO being more abundant in the 

Maltese and southeast S ic i l y  phosphorites in comparison to the southwest 

S ic i ly  phosphorite. T i 02 is  more abundant in the southwest S ic i ly  phos

phorite than in the phosphorites from southeast S ic i ly  and the Maltese 

islands.

7 .5 .7  Discussion

Cook (1972) d is tinguished two groups of major elements (based on 

positive and negative c o rre la t io n s  with P^Og) associated with phosphorite 

deposits: those which are located predominantly w ith in  the carbonate
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Figures 
to 7 .23

7.20 V a r ia t io n  o f  
to  un iva len t  
weight%).

Figure 7 .20 Al 2^3  ̂ 1̂ 2̂
Figure 7.21 Fe2Û3 V KgO

Figure 7.22 A I 2O3 V Na2Û

Figure 7.23 Fe203 V Na2Û
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a p a t ite  l a t t i c e  (CaO, PgOg, NagO, COg and F );  and those located outside 

the l a t t i c e  in minerals of d e t r i t a l  o r ig in  (SiO^, AlgOg, KgO and TiOg), 

or introduced by weathering (Fe^Og, MgO and MnO). P os it ive  corre la tions  

between P2O5 and the elements located w ith in  the l a t t i c e  were demon

s tra ted  w h i ls t  elements located outside the l a t t i c e  gave negative cor

re la t io n s  (with the exception of MgO which is p o s i t iv e ) .  Analyses of 

the centra l Mediterranean phosphorites are not consistent with these ob

servations. Rather, p o s it iv e  c o rre la t io n s  of a l l  the major elements 

(except MgO) with PgOg suggest th a t  they are genera lly  located w ith in  

the f r a n c o l i t e  l a t t i c e .

Of the elements located outside the l a t t i c e  by Cook (1972), FegOg, 

A I2O3 , MgO, MnO and KgO have been found w ith in  the l a t t i c e  by other 

workers (e .g .  Deer e t  a l .   ̂ 1962, 1966). A lso, McClellan (1980) notes

that MgZ+, K"*" and Na'*’ a l l  s u b s t i tu te  fo r  Ca^* w h ils t  S i^* substitutes

fo r  the P̂ '*' ion in the carbonate a p a t i te  l a t t i c e .  This leaves only TiOg 

not accounted f o r .  I t s  p o s it iv e  c o rre la t io n  with P^Og suggests th a t  i t  

is located w ith in  the carbonate a p a t i te  l a t t i c e .  However, the high var

iance shown by I i 02 and other p lo ts  might suggest th a t  a proportion of  

the elements could be located outside the l a t t i c e  and associated with 

other minerals in small abundances not detected on the XRD or in th in  

section. P o s s ib i l i t ie s  of such minerals are glauconite and clay minerals, 

both of which would accommodate q u a n ti t ie s  of A l ,  S i ,  K, Mg and Ti (the

las t  in clays o n ly ) .  Both Gulbrandsen (1966) and Jarvis (1980) suggest

that S i ,  Al and K content o f phosphorites and chalk (Spears, 1979) is 

due to d e t r i t a l  c lay  minerals and, fo r  some p a r t ,  quartz (J a rv is ,  1980).

In summary, a l l  the major elements analysed (except CaO and MgO) 

are enriched in the phosphorites r e la t i v e  to the limestones. This enrich

ment suggests th a t  the elements are introduced by the phosphatisation  

process, and th a t  they may be located w ith in  the f ra n c o l i te  l a t t i c e .  Pos

i t iv e  c o rre la t io n s  of the elements with PgOg and negative corre la tions  

with CaO are both produced by the progressive replacement of c a lc i te  by 

f ra n c o li te  in these composite specimens. The negative corre la tions  with 

CaO may, in p a r t ,  be due to  replacement of the Ca2+ ion by the other 

elements. P o s it iv e  c o rre la t io n s  between the un iva len t ions (Na and K) 

and the t r i v a le n t  ions (Al and Fe) may be due to the d icho tic  replacement
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2+
of the Ca ion by these ions. High variance in a l l  except the F v PgOg 

plot is  probably due to m u lt ip le  sub st itu t io n s  in the f r a n c o l i t e  l a t t i c e ,  

and in p a rt  due to the presence of other mineral phases such as quartz ,  

glauconite and c lay m inera ls . Quartz only is  present in s u f f ic ie n t  

q uantit ies  to be detected by XRD and l ig h t  microscope petrography. F 

content of the f r a n c o l i t e  can be estimated from the PgOg v F graph (and 

from XRD graphs). Assuming a PgOg content of 34% fo r  a pure f ra n c o l i te  

sample, the F content, which is  the same fo r  a l l  samples from a l l  loc 

a l i t i e s ,  is estimated as approximately 2.3%. F in a l ly ,  d ifferences in  

the major element geochemistry between geographic areas do occur, and 

suggest th a t  the southwest S ic i ly  phosphorite is  e s s e n t ia l ly  d i f fe r e n t  

from those found in southeast S ic i l y  and the Maltese is lands. This is  

indicated by MgO, Na2Û and TiOg abundances r e la t iv e  to PgOg (though the 

Na20 abundances may be a ffec ted  by d i f f e r e n t  amounts of removal by 

weathering) and by the presence of f re e  quartz ( ra is in g  the SiOg values) 

in the southeast S ic i ly  and Maltese phosphorites only.

7.6 Trace Element Geochemistry

7.6.1 In troduction

Analyses were made fo r  the seven trace  elements Sc, V, N i, Cu, Sr, 

Zr and Ba a t  the same time as fo r  major elements using the ICP technique 

(see Appendix I ) .  The same samples were used fo r  both major and trace  

element analyses, w ithout fu r th e r  preparation fo r  the l a t t e r .  Values 

were obtained fo r  add it io n a l trace elements ( L i ,  Cr, Co, Zn, Ga, Nb and 

Pb), but these have been disregarded fo r  the reasons set out in Appendix 

I .

The absolute trace  element abundances are given in Tables 7 .3  to 

7.8 and p lo tted  against percentage of P2O5 and CaO in Figs 7 .24  to 7.37.  

D is tinc t ion  is  made by symbol between samples co llec ted  from the three 

d if fe re n t  areas (southwest S i c i l y ,  southeast S i c i l y ,  Maltese islands) so 

as to reveal d if fe ren ce s  or s im i la r i t ie s  in th e i r  trace element compos- 

i t i  on.

7.6 .2  V a r ia t io n  in Trace Element Absolute Abundances

Comparison of the phosphorite analyses (Tables 7 .3  to 7 .6 )  with
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the analyses of the terminal Lower C o ra l l in e  Limestone hardground and 

overlying conglomerate (Table 7 .7 )  shows th a t  the l a t t e r  is appreciably  

depleted in a l l  the trace  elements except Sc. Indeed, Sc is e s s e n tia l ly  

in v a r ia te  throughout the analyses and need not be considered fu r th e r .  

Comparison of Table 7 .7  with the pure limestone analyses (Table 7 .8 )  

shows th a t  the hardground and i t s  overly ing  conglomerate are s l ig h t ly  

enriched in a l l  the trace  elements suggesting a minor amount of miner

a l is a t io n  a t  th is  l e v e l ,  and agreeing w ith  the major element analyses 

(Section 7 .5 ) .

Comparison of the phosphorite analyses (Tables 7 .3  to 7 .6 )  with 

the pure limestone analyses (Table 7 .8 )  shows th a t  the former are en

riched in  a l l  the trace  elements.

7 .6 .3  V a r ia t io n  of Trace Elements w ith  PgOg

Figures 7 .24  to 7 .30  are b iv a r ia te  p lots  of trace element abund

ance r e la t iv e  to PgO^. There is  a general enrichment in the trace  

elements in the phosphorite samples r e la t iv e  to the non-phosphatised 

limestones. N i ,  Sr and Zr (Figs 7 .2 6 ,  7 .2 8 ,  7 .29) show pos it ive  c o r r e l 

ation despite  high variance . For V, Cu and Ba (Figs 7 .25 , 7 .27 , 7.30)  

the variance is  high and re la t io n sh ip s  are not so apparent.

7 .6 .4  V a r ia t io n  o f Trace Elements with CaO

Figures 7.31 to 7.37 are separate b iv a r ia te  plots of trace elem

ent abundance r e la t iv e  to CaO. A l l  elements show a negative c o rre la t io n  

with CaO abundance. V and Sr (Figs 7.32 and 7 .35 ) appear to show the 

strongest negative c o rre la t io n  although with high variance. N i, Cu, Zr 

and Ba (Figs 7 .3 3 ,  7 .3 4 ,  7.36 and 7 .37 ) have too high a variance fo r  

negative c o rre la t io n  w ith  CaO to be immediately apparent. Generally, 

however, samples w ith  low concentrations of CaO (the phosphorites) show 

high values fo r  trace  element abundance (and vice versa fo r  limestones).

7 .6 .5  V a r ia t io n  of Trace Elements with Geographical Areas

In Figures 7.24 to 7.37 samples from southwest S ic i l y ,  southeast 

S ic i ly  and the Maltese islands are d istinguished by symbol. Graphs which 

plot trace element abundance against th a t  fo r  CaO show wide overlap of
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Figures 7.24  
to 7.30

V a r ia t io n  of trace elements r e la t iv e  to PpOr 
b iv a r ia te  plots  o f weight# P^Or against ppm 
trac e  element.

Figure 7.24 PgOg V Sc

Figure 7.25 PgOg V V

Figure 7.26 PgOg V Ni

Figure 7.27 P 2 O 5  V Cu

Figure 7.28 P2O5 V Sr

Figure 7.29 P2O5 V Zr

Figure 7 .30 P 2 O 5  V Ba
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Figures 
to 7.37

7.31 V a r ia t io n  
b iv a r ia te  
t race  el et

Figure 7.31 CaO V Sc

Figure 7.32 CaO V V

Figure 7.33 CaO V Ni

Figure 7 .34 CaO V Cu

Figure 7.35 CaO V Sr

Figure 7.36 CaO V Zr

Figure 7.37 CaO V Ba
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plots with no major d iffe ren ces  in trace element abundance r e la t iv e  to 

amount of CaO between areas. Graphs which p lo t  trace  element abundance 

against th a t  fo r  show c le a re r  separation with some overprin t of 

plots from the main c o l le c t in g  areas.

Phosphorites from southwest S ic i l y  are enriched in Ni and Zr r e l 

a t ive  to the other two areas, which have s im i la r  abundances fo r  these 

elements; those from southeast S ic i ly  are enriched in V, Sr and Ba r e l 

a t iv e  to the other two areas. There is  no s ig n if ic a n t  v a r ia t io n  in the 

abundance of Sc and Cu between the three areas.

7 .6 .6  Discussion

V a r ia t io n  in trace element abundance in marine authigenic miner

als has been ascribed by looms e t  a l .  (1969) to: th e ir  a v a i l a b i l i t y  in

the marine environment; the crysta llochem ical c h ara c te r is t ic s  of carbon

ate a p a t i te s ,  and associated mineral phases; adsorption phenomena and 

the concentrating e f fe c t  of organisms; and the chemical character of the 

environment. In phosphorites, they consider th a t  a v a i l a b i l i t y  of elem

ents in the marine environment is  of g reates t importance, since elements 

enriched and depleted in phosphorites are the same as those enriched and 

depleted in seawater ( r e la t iv e  to abundance in the Earth 's  c ru s t ) .  Minor 

var ia t io n  can be ascribed to the other factors  l i s t e d ,  or (Cook, 1972; 

McArthur, 1978, 1980) to weathering processes. In general, is thought 

to su b st itu te  fo r  P̂ "*" in the a p a t i te  l a t t i c e  w h i ls t  Sc, N i,  Cu, Sr, Zr 

and Ba may occupy the Ca pos it ion  (looms e t  , 1969; A lts ch u le r ,  1980; 

McClellan, 1980, Prevot & Lucas, 1980).

Sections 7 .6 .2 ,  7 .6 .3  and 7 .6 .4  above, c le a r ly  show th a t the abun

dances of V, N i,  Cu, Sr, Zr and Ba are a l l  g reater in the phosphorite 

samples r e la t i v e  to the pure limestone samples. P os it ive  corre la tions of 

the elements with PgOg and negative c o rre la t io n s  with CaO a re , l ik e  the 

major elements, an e f fe c t  of progressive replacement of c a lc i te  by f ra n 

c o l i te .  P o s it ive  c o rre la t io n s  with P^Og suggest th a t  the elements are 

introduced by the phosphatisation process and th a t  they are probably loc

ated in the f r a n c o l i t e  l a t t i c e .  Replacement o f the Ca^^ ion by the elem

ents cannot be in fe rre d  from th e i r  negative co rre la t io n s  with CaO since
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they are present in such small abundances. The very high variance pres

ent in these plots  is  due to the same c o n tro l l in g  fac to rs  as in the 

major elements (Section 7 .5 .3 )  but i t  is  g reater  in the trace elements 

because they are present in much sm aller amounts and th e i r  presence is 

also a ffec ted  by the fac tors  l is te d  in looms e t  a l .  (1969) and given 

above.

Of the elements analysed, V, N i,  Cu, Sr and Zr have abundances 

with in  the ranges given fo r  the average phosphorite (based on 1 8 regional 

averages and 224 analyses) by A ltsch u le r  (1980 ).  Ba, however, is dep

leted by a fa c to r  of 10 and Sc is  enriched by a fa c to r  of 3 -4 . Since 

composition of the average phosphorite is  estimated from data collected  

throughout the s t ra t ig ra p h ie  column, then the observed deviations in the 

central Mediterranean phosphorites may be due to a p a r t ic u la r  enrichment 

of Sc and dep letion  of Ba in  the seawater a t  the time of th e ir  formation. 

The chemistry of the seawater is  the most important fa c to r  a f fe c t in g  

trace element abundances in marine auth igenic  minerals (Tooms e t  a l .  ■>

1969) and d iffe rences  in th e i r  r e la t iv e  abundances do occur throughout 

geological time (N o th o lt ,  1980b).

There may, however, be an a l te rn a t iv e  chemical reason fo r the dep-
p  .

le t ion  of Ba in  the centra l Mediterranean phosphorites. The Ba  ̂ ion 

has an ion ic  radius very much la rg e r  than the Ca2+ ion making s u b s t i t 

ution d i f f i c u l t .  I f  there are ions a v a i la b le  with an ion ic  radius closer  
2+to th a t of the Ca io n , and the valences are s u ita b le ,  then substitu tion

P I
with these ions may be made in  preference to the Ba ion.

Of the elements normal in abundance in comparison to the average 

phosphorite Sr is  worthy of comment. The southwest S ic i ly  phosphorite 

which is of Eocene o r ig in  shows lower abundances of Sr r e la t iv e  to PpOg 

(Fig. 7 .28) than the Lower Miocene Maltese and southeast S ic i ly  phos

phorites. This may be due to the metastable character o f  Sr which is 

often removed by weathering (McArthur, 1978, 1980). This feature  (dep

le t ion  of Sr in  o lder rocks) is  also apparent in  A ltsch u le r 's  (1980,

Table 1) l i s t in g  of Sr contents in phosphorites of Precambrian to  

Pliocene age.
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7.7 Yttr ium  and Rare Earth Element Geochemistry

7 .7 .1  In troduction

The Rare Earth Elements (REE) are a group ranging from La (Atomic 

no. 57) to Lu (Atomic no. 7 1 ) .  Along with Y (Atomic no. 39) they ex

h ib i t  many chemical s im i la r i t ie s :  where one is  found, in nature the

others are l i k e l y  to occur (Haskin & Gehl, 1962). They are therefore  

considered together here. Despite the chemical s im i la r i t ie s  of Y and 

the REE, f ra c t io n a t io n  is  common, having been demonstrated by many auth

ors fo r  both igneous and sedimentary rocks (summarised by Herrmann,

1970), and also seawater (Goldberg et al., 1963; H^gdahl et aZ. , 1968).

Under normal conditions the ox idation s ta te  of the group is t r i -  

valent. Ce, Pr and Tb can be oxidised to 4"̂  and Eu, Sm and Yb reduced 

to 2^ .  However, Herrmann (1970) notes th a t  whereas some REE d is t r ib u 

tions may show anomalous behaviour of Ce and Eu, no s im i la r  anomalies are 

observed fo r  Pr, Sm, Tb and Yb in n a tu ra l ly  formed minerals and rocks.

Analyses were c arr ie d  out (using the ICP spectrometer and the 

sample and data preparation techniques outlined  in Appendix I )  on nine

teen powdered samples (comprising 10 phosphorite and limestone samples 

from southwest S ic i l y ,  four phosphorite samples from southeast S ic i ly ,  

and f iv e  phosphorite samples from the Maltese is lands , w ith sources of 

origin as sp ec if ied  in Table A2.1, Appendix I I )  to determine the abun

dance and d is t r ib u t io n  o f Y and the REE and to detect any frac tio n a t io n  

and/or anomalies in th e i r  d is t r ib u t io n  with geographic area. Fractiona

tion may r e f l e c t  the depth o f formation of the enclosing m ineral, whereas 

Ce and Eu anomalies may r e f l e c t  the chemical properties  of the deposit-  

ional environment (P ip e r ,  1974).

The absolute concentrations of REE in n a tu ra l ly  occurring mater

ia ls  produce a saw-tooth pattern  when p lo tted  against atomic number (the 

Oddo-Harkins ru le  o f Haskins et al., 1966). Consequently the d e ta i l  of 

the d is t r ib u t io n  and the re la t io n s h ip  of one element to i t s  neighbour is 

masked. This problem is  overcome by d iv id in g  each element in the d is 

tr ib u tio n  by the same element in another d is t r ib u t io n  (norm alisation).  

Th e o re t ica l ly ,  norm alisation to any d is t r ib u t io n  is  possible. In
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practice  i t  is  convenient fo r  comparison to use an accurate set of widely 

a va ilab le  data and to present re su lts  in a graphic form. Normalisation  

to chondrite was undertaken to allow comparison with a wide range of 

published data in  th is  form. Normalisation to limestone RTB 18, mean 

Maltese phosphorite and average sediment (Herrmann, 1970) allowed the 

respective detection  of: the in troduction  of Y and REE through the

phosphatisation process; d iffe rences  in d is t r ib u t io n  between geographic 

area; and d iffe ren ces  in the phosphorite Y and REE d is t r ib u t io n  in comp

arison to average sediment.

The concentrations used in  the normalisation procedure are given 

in Table A2.3 , Appendix I I .  The standards NIM G (g ra n ite )  and MT 2 

(basa lt)  were analysed, and t h e i r  data published here (Table 7 .1 1 ) ,  to 

allow comparison of the resu lts  obtained by the ICP technique. F lorida  

phosphorite standard 120B was analysed to a llow  comparison of the central 

Mediterranean phosphorites w ith a more d is ta l  c o lle c t in g  area.

7 .7 .2  Results

Tables 7 .9  and 7 .10  l i s t  the absolute concentrations of Y and the 

REE fo r  phosphorites from southwest S ic i l y  and from southeast S ic i ly  and 

the Maltese islands re s p e c t iv e ly .  Table 7.11 l i s t s  the concentrations 

fo r the igneous standards NIM G and MT 2 along with phosphorite standard 

120B and limestones JTA 5A (Upper Cretaceous chalk) and RTB 18 (Upper 

Oligocene fo ra m in ife ra l  grainstone -  packstone) both from southwest S ic i ly

Figures 7 .38  to 7 .40  show chondrite-normalised values plotted on a 

log scale against atomic number fo r  in d iv id u a l specimens from southwest 

S ic i ly ,  southeast S ic i ly  and the Maltese is lands , and fo r  mean d is t r ib u 

tions from each of these areas. From these graphs i t  can be seen that  

the Y and REE d is t r ib u t io n  patterns are s im ila r  fo r  each sample and each 

area c o l le c t iv e ly .  A l l  show an enrichment of the l ig h t  REE (La-Eu) r e l 

ative to the heavy REE (Gd-Lu), negative Ce and Eu anomalies, and pos

i t iv e  Y anomaly. However, the Ce anomaly is smaller and the Eu anomaly 

larger in the southwest S ic i l y  specimens in  comparison to the other two 

areas (most apparent in  the mean phosphorite graphs. F ig . 7.40A,B). The 

d is tr ib u tio n  pattern  fo r  the phosphorite standard 120B (F ig . 7.41A) shows



2 2 8

o  <£> VO c\j 
C  —  CnfC
OJ o r o v o c v j c o L O v o c o
z:

C Q
cn

to <0- I—
CM to
o CO too CO to

<3- 03 to
C73 CO LO

CO LD 03
to to

,— to O CO to 00 00 LO to LO LO CO •d-
1— CO LO «d- LO to CO CM 00 00

LO
CO

CM
CO CM

CM
CM

LO 00
CM

C33
CM

03 03 CO «d-

LO

CO
o
CO

CO CO CM LO CM LO LO o CO to LO
to CO C73 LO CM O o «d- 00 o

CM
o
LO

«0-
CM

CM
CO

LO 0 0 CM LO LO o "d-
'd - 03

CO LO r — 03 CO "d- C33 LO O CO C33 «d-
o CO CM to LO 0 0 LO o 00 LO 'd - CM

s
etc

CO
o CM

C'-
LO

O CM CO CO CO o C73 ' <d-
CM

r~.
to

cC 00 CM r> . CM 00 o ,__ ,__ 00 CM 00 r— LO
LO CM 00 00 03 to o LO C73 o

< r— o lO CO 00 00 *d- CM CM 1— 00 CO
1— r — 00 LO 00
etc 1— r— «d- 1—

0) A->
I— c  
Q. aiE E  uj
(T3 O)  LUOOr—  f O ( U ' O E 3 - a > > O i - X 1 0 Q ;

LU _ J O Z r c O L U O Q 3 : L U > - _ l w

o LO <d- •d- LO -a o
to CO c

to Co o •d- 00 cu
CM to -p -p
CO 1— in X

03 QJ O)
+-> 

O  t o 
I—  ra

'd - CM CM CO 03
o

'd o «d- QJ u
«d- CO CO C33 C73 CM s-

O  T3
co to «d- CM ■o C

CO
CO

<03 to  to  
z :

C O

fe
E
O  CO L 03 •

cC 4 _  ,—  t o
0 3  I— t o o r o t o c o c O L o t O L O L O C o » ^  cu

I— CO 13 
I—  K—  C T

CO L o c x j i —  C 3 j i o o o o 3 r ^ 0 3 0 3 r o ' d - c o  t o r v  »i -
c

etc I—  I— I— LO CO cu&-(_)(_> 
to CO o)r— +J
to

o  cu <  -O
CO C O C O C M L O r * ^  C 3 J L 0 1 0 0 C O V O U O  I—  I—  c

O.C3C 03
E —

cC o « o - o j L n i —  • c o c 3 j L O L o o « o - i — to to
c/3 to  cu

OC r -  L u
O  i -  • *1— o 

LU 5- O  
LU cu to

C O  d : +->
CO 00 to 1— CO <03 <03 0 0 LO <d- <03 'd- to LO C tp

LO 00 CO <03 CM CM o o T3 •!- Oc
<  
1—
etc

00
LO

o
CO CO

to C33 CM to to 00
to

too «3 -P to 
to p -  

E  ro *1-
_  to

• I -  o  +->
s- cu4-) « "O■p

co 00 LO r— o LO 00 to o ,— Cj- CM > -  CC S-
<03 <03 o o CO CO o CM LO CO o<P r— tf-

CC 00 to o 00 CM 03 C33 CM to to O o
1— c3- CO <d- 00 cC in
etc

o. 1

<U
U

■O
c

CQ .. c <u
c t 00 to to to <03 00 00 to to CO <u Cl
<03 «d- CM "d- to o to CM CM CO 00 -p CL

•1- «C fC
< 00 «d- CO 00 "d" CM CM LO •d- CM o o i -  1—
1— 1— 00 <03 CM CM o 1— O  CtC <U
DC I—  t—  to  CM ^  ' —  cu

CL uo 
to  to  
O  4->

JC  to  •
Q . «3

r — cC
> , <J <03

<u
O 1—  CO

O 1—
</) x :  C3C

5
+->
to <U 00
<u to  CO

L
■p C0.c c
3 E  p -
o O  CC

CO O

<03

LU
_ J
00



c o on CO CM to to to 00 1— LO CM o
to <03 o O c j- O CO LO to to CM CM CO
QJ

z : CM o 1— CM O CM CM O 1— 1— o LO 03
1—

229

c j- C t CM « d 00 CM o LO to CM r - r—
*0- 00 o LO LO to C03 LO CM CO CM CO p—

•
s: 03 (03 o o o O 00

CO
00

LO o C3- <03 CO a-) CM 03 «d LO o
CM O CO to LO «d LO to to CM to

CO o CM o CM CM o O to
«d

o
CM

LO CM 00 to to <33 CO CM to CO
LO 00 <03 «d to LO 00 to <03 <03 CO to

CM CM CM o CM CM O o CO
LO CM

t o c o c r i u n r o t o t o t o o o
to  I— to  O  C\j 00 03 CM to

(V) • • • • • • • • •
L o r ^ L O r — o o o o o o o r o i o

<33 CM
to CO

o o CO
CM

LO ,— C03 to LO CM «d CO «d 00 1— CO CM
CO to LO 00 o to 00 LO LO CM 00

s: < d LO CM o CO CO o CM CM o * d
to

O
CO

c - d CO CM LO CM LO d - CO 00 «d o 00
to 00 LO CM CM CO CM to d - CM CM o 03
<u

LO to O o O rv .
CM

LO

LO 00 o « d CO CM CO 0 0 CO <33 • d o
o CM CM LO « d to to 00 CM 00 LO

rv .
00

CM <33 o CM o CM CM o O CO
d-

«d
CM

d- o d- CM LO CO <33
LO <33 LO O 03 CM <33 CO CO

to d- LO O O o p— O

>d- 00 O
I— I— CM

r— o  CM ci- 
CM I—

LO CM 1— o CT3 o r» . 00 <33 o <33 O
CO to <33 to CM CM CM LO CO O CM CO C33

00
r>- d " LO O o O LO

CM
to

- a  •—
c
to

'  QJ
LO 4->

• to
L

00 <U
r -  E

o

CM O)
• C to

o QJ
00 u 3

<3-
o C

XJ X
c  « u
3 QJ
O  CM 4->
S- 1—
0 3  5 T  -O

■o C
L  « to
to CO

-C  ^ to
QJ

<u <J
S- -O L
to c 3

3 O
to O to
QJ %.

1—  D3<4_
Q .X 3 O
E  S-
to to to

to  .E

■o to
• C 4->

LU to QJ
LU T3
CC

> 3  S-
T3 I— O
C  *1 - 4 -
to <J

to
E to QJ
3 O

•1- 4->
S- 00 -o
4-> to c
4-> <U QJ
> -  X CL

4-> O.
4 -  3 to
O  O

03 QJ
E QJQ . « to
CL to

4->
to

. .  O to
to 3 4->
QJ 1—
4-3 to to
•r- C
S- C
O  O E

X  Q O
CL S-
(/) E  4 -
O  O

X  S-
0 .4 -  d-
QJ x—".
W LO
QJ r -
4-> • <U
p— 4->
to 00 to

S  ■— S-
QJ

•o  »> E
C  CO O
to •r-s. 0 3
>3 00 c

o
u

<j
■r— (/) CM(/) 4-1 (_)

to
4-> <C "O
to I— E
fO U  to (U

o o 00 d - ,— O r- to d - <33 CO CM <33 X  QJ «
r-s. LO C33 r > - CM d - 03 CM r>. d - 4-> I—  ' —

3  O  I—
d - CO CO o O O o o o o o to 0 0 O  X  1—

to 5 s:

CM

00

O

r-s,QJ
r— C
CL QJ W
E E LU —I
to QJ LU OO

r—  t 0 Q J - O E 3 ' O > > O S - X 3 3 Q ;  <c
LU _ J ( _ ) Z I / ) L U C 0 0 3 : L J U > - _ J  W > -  h—



230

00

CO I— 
CC

o CM d - LD (33 o LO 1— o o LO
o 03 I f ) to d- to d- d" o d- LO

n CM CM O o o o o o o o 1— d-

<C. d- LO 1— d- CO CO CO CO o LO O 4->
LO CM to 00 o CM 03 CM to to CM CO 4-> r—

to > -  ro
<
y -

LO LO d - o
o

o O o o o o
CM

U
4 -  "p-

O C33
00 00 CO CM CM

o LO CO
CM r>- 0 3 r~ . 1—

fO o
• - a  I—

w s_ <  "oj
0< O I— LD s- 1—  fO o  
"O u_ to <C "O 
C ro I— ro 
fO > ) X  X ) ZOJ ^
E > X J  E 3 S_ C .X o 

•p- 3  fO I— i-  
i-  to  fO 4 -"X

C5 00
to I—

O 03W O 00 O Z  QJ H-El   O DCQ. O  ---O. QJ QJ +-)QJ
LO d - to to LO 0 3 CO r — <33 LO LO •p- S- C

C M CO 0 0 03 0 0 <33 C O LO 0 0 CO to C M CO d - t o E  < _ 5  O
</) QJ r c  - P

h - o C M LO LO d - o C M O d - 0 0 QJ - M S- 4 -  (D
z : C M C M pN. c ro 03  O  QJ

O  - M E4-> in « to *p-
tn X—. QJ p— U
<U X3 C30 P—
E QJ O .  QJ t/5■P O  E C

CO d - C M 03 CO 0 0 03 CO <33 00 <73 C M  (0 QJ +-»
CD 0 0 03 CO C M d- to d- to C M to c 1— tn O tn

XJ 35 '—  O QJ
z: to LO C M O C M to CO r— O to c tn p-1—1 <33 LO to 1— 1— 1— <73 o «3 QJ (U 3  ^ X

to
X5i .
fO

XJ

+J r—  T  4->
ro -I- 0 . 0  3  

L. CD O 
to O • ** ’r~ to

Q.CsJ O
d- 00 o E Q. tn ■P

to CM to CO d" rc E  O 1 - -O in
4-> rc X  Z: E rc

LO CO O o <73 d- i n  i n  Q .—  rc QJ
o
CO

CM

Q! 4-> 
C 

O  QJ
E E 
ro QJ in I— ro QJ XJ

—I (_) Z
3  XJ > , 

LÜ CJ3 O
L X  

UJ >-



231

Figures 7.38  
to 7.41

Figure 7.38  
A & B

Figure 7.39  

Figure 7.40

Figure 7.41

Chondrite normalised concentrations o f Y and 
REE p lo tte d  on a log scale against element 
atomic number fo r :

Phosphatic c las ts  from southwest S ic i l y .

Phosphatic c las ts  from (A) southeast S ic i ly  
and (B) Maltese is lands .

(A) mean southwest S ic i l y  phosphorite and
(B) mean Maltese islands phosphorite and 
mean southeast S ic i l y  phosphorite.

(A) F lo rida  phosphorite standard 120B and
(B) southwest S ic i ly  limestones.
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Figure 7.42A Concentrations o f Y and REE normalised by the
mean Maltese is lands phosphorite and p lo tted  
on a log scale  against element atomic number 
fo r  mean S i c i l i a n  phosphorites and a limestone.

Figure 7.42B Concentrations o f  Y and REE normalised by lim e
stone RTB18 and p lo t te d  on a log scale against  
atomic number fo r  mean S ic i l i a n  and Maltese  
is lands  phosphorites.

Figure 7 .43  Concentrations o f  Y and REE normalised by
Herrmann's (1970) average sediment and p lo tted  
on a log scale  against atomic number fo r  (A) 
mean S ic i l i a n  and Maltese is lands phosphorites 
and (B) S i c i l i a n  limestones.
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s im ila r  f r a c t io n a t io n ,  Ce, Eu and Y anomalies to  the cen tra l Mediterranean  

phosphorites, w h i ls t  those patterns  fo r  the limestones RTB 18 and JTA 5A 

(Fig. 7 .4 1 8 )  show s im i la r  f r a c t io n a t io n .  Ce and Y anomalies, but no neg

a t iv e  Eu anomaly.

F ig .  7.42A shows the "mean Maltese phosphorite" -  normalised p a t

terns fo r  limestone RTB 18, mean western S ic i l y  phosphorite , and mean 

eastern S ic i l y  phosphorite . From th is  i t  can be seen th a t  the eastern  

S ic i ly  phosphorites have absolute  abundances s im i la r  to ,  but s l ig h t ly  

less than, those of the M altese phosphorites (exact same abundances would 

p lo t as a s t r a ig h t  l in e  graph o f value  1 ) ,  whereas the western S ic i ly  

phosphorites are enriched by a fa c to r  of 6 to 8 t im es, and limestone  

RTB 18 is  depleted by a fa c to r  of 3 to 5 times.

F igure 7.42B shows the "limestone RTB 18" normalised patterns fo r  

mean value phosphorites from southwest S i c i l y ,  southeast S ic i ly  and the 

Maltese is la n d s . These graphs i l l u s t r a t e  both the enrichment in Y and 

the REE r e la t i v e  to limestone RTB 18 by fa c to rs  o f 30 (southwest S i c i l y ) ,

2 (southeast S i c i l y ) ,  and 4 (Maltese is la n d s ) and the reduction of the Ce 

anomaly and enlargement of the Eu anomaly w ith  g re a te r  enrichment o f  the 

REE. F i n a l l y ,  F igure  7.43A,B show the same mean phosphorites along with  

limestones RTB 18 and JTA 5A normalised to Herrmann's (1970) average sed

iment. The re s u l ta n t  graphs are very uneven but nevertheless i l l u s t r a t e  

negative Ce anomalies, s l ig h t ly  p o s it iv e  Eu anomalies (which are g re a t 

est in the lim estones, and le a s t  in  the REE enriched phosphorites), pos

i t i v e  Y anomalies, and an enrichment o f the heavy REE over the l ig h t  REE.

7 .7 .3  Discussion

S im i la r i t ie s  in  the Y and REE d is t r ib u t io n s  of phosphorites from 

southwest S i c i l y ,  southeast S i c i l y  and the Maltese islands as well as a 

Florida phosphorite standard ( 1 20B) suggest th a t  they a l l  formed under 

sim ilar environmental co nd itions . S l ig h t  v a r ia t io n s  in REE s u ite  may 

r e f le c t  changes in  local environmental parameters as is the case fo r  

other trace  elements (Tooms e t  a Z . , 1969). The southwest S ic i ly  phos- 

phosphorite, however, shows an REE enrichment fa c to r  of 6 to  8 times tha t  

of the other c en tra l  Mediterranean phosphorites. This enrichment may
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r e f l e c t  longer periods of phosphatisation (see below) or formation of  

the phosphorites a t  a d i f f e r e n t  geologic time (see N o th o lt ,  1980b).

Strong f r a c t io n a t io n  and r e la t i v e  l i g h t  REE enrichment is of com

mon occurrence elsewhere and no exception in  the c en tra l  Mediterranean  

limestones and phosphorites. I t  has been recorded fo r  the average gran

i t i c  and in te rm ed ia te  igneous rocks and average sediment by Herrmann 

(1970), and f o r  average shale by P iper (1974 ).  REE in  marine waters are 

considered by P iper (1974) to be derived from the weathering of contin 

ental rocks with subsequent tra n s p o rt  to the oceans by surface run o f f .

The bulk of con tinen ta l rocks are r e l a t i v e l y  enriched in the l ig h t  REE, 

and th is  is  in h e r ite d  by r i v e r  water and in  turn  by shallow oceanic 

water (P ip e r ,  1974). Deep ocean w aters , however, show a r e la t iv e  en

richment in  the heavy REE over the l i g h t  REE which is  probably a function  

of the longer residence times of the former over the l a t t e r  (Goldberg et 
al. ̂  1963; H^gdahl et , 1968; P ip e r ,  1974).

The l i g h t  REE/heavy REE f r a c t io n a t io n  seen in  the centra l Medi

terranean phosphorites and limestones is  probably due to a v a i l a b i l i t y  (as 

is true fo r  trace  elements, Tooms et al. ̂ 1969) and is in h e r ite d  from 

the o r ig in a l  f r a c t io n a t io n  present in  the seawater. The predominance of 

l ig h t  REE over heavy REE suggests depos it ion  in  shallow ra th e r  than deep 

water and the s l ig h t  enrichment in  the heavy REE r e la t i v e  to average sed

iment may r e f l e c t  enrichment in these elements from the upwelling of 

deeper ocean waters or the ease of a b i l i t y  fo r  limestones and phosphorites 

( ra ther than other sediments) to  incorporate  these elements in the c a l -  

c ite  or a p a t i t e  l a t t i c e .  Previous l i g h t  REE enrichment in  limestones has 

been recorded fo r  Precambrian and Carboniferous limestones by Haskin &

Gehl (1962) fo r  Recent coral and assorted sh e lls  by Schofield & Haskin 

(1964); and fo r  m id -T e r t ia ry  limestones and phosphorites on the Maltese 

islands by Bennett (19 80 ) .  Enrichment in  the heavy REE over the l ig h t  

REE r e la t iv e  to  average sediment has not been recorded elsewhere.

D epletion  of Ce r e la t i v e  to i t s  neighbouring REE is  well documented 

in the marine environment (Goldberg et al. ̂  1963; H0gdahl et al. ̂ 1968; 

Piper, 1974) and in  marine auth igen ic  minerals (Goldberg et al. y 1963; 

Bennett, 1980; F le e t  et al. y 1980). Depletion of Ce in  the phosphorites
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may be, in  p a r t ,  in h e r i te d  from th a t  a lready  present in  the limestones 

(concluded by Bennett, 1980), b u t,  fo r  the g re a te r  p a r t ,  i t  is  in h er

i te d  from the seawater. This can be said fo r  two reasons:

1) The absolute REE abundances fo r  the phosphorites are greater  

than those fo r  the limestones. This in tro d u c tio n  of REE must be from 

the seawater w ith  subsequent in co rp o ra t io n  in  the auth igenic  f r a n c o l i t e .

2) There is  a reduction  in  the s ize  of anomaly with an increase  

in the absolute  abundances o f the elements (F ig .  7 .42B ). This may be a 

function of the lower residence time o f Ce in  seawater (recorded by 

Goldberg et al. y 1963) along w ith  longer periods o f phosphatisation, a l 

lowing r e l a t i v e l y  more Ce along w ith  g re a te r  absolute abundances of REE 

to be incorporated in  the carbonate a p a t i te  l a t t i c e .

Negative Eu anomalies have p rev ious ly  been recorded in phosphor

ites  by Semenov et al. (1962) and by Bennett (1980); in  glauconites by 

F lee t et al. (1 9 8 0 ) ,  and i t  is  present in  the average sediment o f  

Herrmann (1 9 7 0 ) .  However, dep le t ions  of Eu are not always associated  

with marine phosphorites (Goldberg et al, y 1963). Under normal cond

it io n s  Eu e x is ts  in  a t r i v a l e n t  s ta te ,  but i t  can be reduced to 2"̂ . In 

the marine environment Eu w i l l  occur in  concentrations conformable with  

those of i t s  ad jacent REE (Goldberg et al, y 1963; H^gdahl et al, y 1968).  

I ts  dep le t io n  in  the phosphorites may th e re fo re  r e f l e c t  i t s  reduction to 

the b iv a le n t  s ta te .  Present day phosphorites are known to form in m ild ly  

reducing conditions (B a tu r in ,  1969; Veeh et al, y 1973; B urnett, 1980;

Odin & L e to l le ,  1980) which would be l i k e l y  to  reduce only some of the 

Eu present. D epletion  o f Eu in  the phosphorites may th e re fo re  r e f le c t  

i ts  p a r t ia l  reduction  and in co rp o ra t io n  of one f ra c t io n  (e i th e r  the red 

uced EuZ+ or the normal Eu^+) in  the carbonate a p a t i te  l a t t i c e ,  or uptake
O  I

of a l l  Eu w ith  subsequent loss of the less t i g h t l y  held Eu by weather

ing. The observed Eu d e f ic ie n c y  in  the phsophorites th e re fo re  supports 

inferences th a t  phosphorites form under m ild ly  reducing conditions  

(Bennett, 1980; Odin & L e t o l le ,  1980).

Y enrichment ( r e l a t i v e  to  the heavy REE) has previously  been rec

orded in  seawater by H^gdahl et al, (1968) but has never been recorded 

in marine au th ig en ic  or b iogenic m inera ls . The anomaly is  not present in
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the NIM G (g r a n i te )  d is t r ib u t io n  (analysed a t  the same time as the phos

phorites ) suggesting th a t  i t  is  not due to a n a ly t ic a l  e r ro r .  I t  is  

however, present in both limestones and phosphorites. I t s  presence in 

the F lo r id a  phosphorite standard 120B (F ig .  7.41A) precludes any sug

gestion th a t  the anomaly in the centra l Mediterranean phosphorites is  

due to  an enrichment in the Tethys sea. I t  may, however, be explained  

by rep lac ing  the abundant Ca2 + ion (a fe a tu re  o f common occurrence, 

Howlett, pers. comm. 1981) in  the limestones and phosphorites but which 

is much less abundant in the NIM G g ra n ite  standard. There is no pos

i t i v e  regression c o r re la t io n  between Y and CaO to  suggest th a t  the f o r 

mer is rep lac ing  the l a t t e r ,  but th is  re la t io n s h ip  could be masked by 

the composite form o f  the samples and by o th er  elements replacing Ca^^.

In summary th e r e fo r e ,  i t  appears th a t  the s im i l a r i t i e s  in  REE 

d is tr ib u t io n  inc lud ing  Ce dep le t io n  r e f le c ts  a pa tte rn  in h e r ite d  by the 

phosphorite from seawater, and to  a le s s e r  e x te n t ,  from the limestone  

precursor. Eu d ep le t io n  r e f le c ts  form ation in  a m i ld ly  reducing e n v ir 

onment and Y enrichment r e f le c ts  the ease o f  a b i l i t y  fo r  the Ŷ '*' ion to  

replace the Ca^^ ion. Phosphatisation has resu lted  in  the enrichment o f  

a l l  the REE. S im i la r i t ie s  in  the d is t r ib u t io n  o f  the REE from the phos

phorites o f the three  main c o l le c t in g  l o c a l i t i e s  in  the centra l M ed iter

ranean area and inc lud ing  the F lo r id a  phosphorite standard (120B) sug

gests th a t  they formed under the same physico-chemical conditions.

7.8  Phosphorite Palaeogeography, Formation and Environments

7.8.1 Palaeogeography

Kasakov (1937) was the f i r s t  to  propose the now w idely  accepted 

concept th a t  the upwelling o f  cold ocean w aters , r ich  in  n u tr ien ts  in 

cluding phosphate, onto coastal shelves, could bring about the formation  

of phosphorite deposits . Conditions conducive to upwelling are given in 

Freas & Eckstrom (1968) and inc lude: s itu a t io n s  where ocean currents

flow p a r a l le l  to  the  coast, o r ju s t  o ffs h o re ,  and are enhanced by pre

va il ing  winds in  the same d i r e c t io n ;  where ocean currents flow over topo

graphic highs; in  the  trad e  wind b e lts  (0 -4 0 °  north and south); along 

the north and west coasts o f  continents in the northern hemisphere, and
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the south and west coasts in the southern hemisphere; along the coasts 

of continents w ith  a r id  c lim a te s ; along coasts in  the b e l t  o f  w esterlies  

(20-40° north and south ); and in la rg e  open basins w ith  u n re s tr ic te d  

c irc u la t io n  and open connection to the p o la r  seas.

An es tu ar in e  source and d epos it iona l environment was proposed by 

Bushinski (1964) and Pevear (1966) to  account fo r  the  formation o f  phos

phorites in the western U.S.A. T h is ,  however, would only be possible i f  

deposition occurred under an a r id  environment, p re fe rab le  o f f  a landmass 

of limestone t e r r a in  (Pevear, 1966) since es tu aries  are areas of rapid  

c la s t ic  sedimentation which would i n h i b i t  phosphate accumulation.

However, McKelvey e t  a l ,  (1959) suggest th a t  the mechanism of up

w elling is  more than adequate to  account fo r  the considerable q u an tit ies  

of phosphate found in  phosphorites. Care should be taken, however, to  

stress th a t  upw elling does not supply phosphate-rich water (Bentor, 1980). 

Rather, i t s  e f f e c t  is to counteract P -d ep le t io n  o f  surface water by b io

logical a c t i v i t y  by provid ing a continuous o r  seasonal, although d i lu te  

(70-100 ppb), supply o f  P and o th e r  n u tr ie n ts .

The cen tra l Mediterranean phosphorites are consistent with the con

s tra in ts  se t out by Freas & Eckstrom (1968) and confirmed, to some e x ten t ,  

by Cook & McElhinny (1979 ).  They are deposited in a tro p ic a l-s u b tro p ic a l  

environment (Section  4 .1 . 4 ,  and Bennett, 1980) on topograph ica lly  high 

areas. B u ro l le t  (1967) shows southwest S i c i l y ,  southeast S ic i l y  and Malta  

to be s itu a ted  on p o s it iv e  areas w ith in  and bordering Lower Miocene sub

siding troughs. Bennett (1980) fu r t h e r  suggests th a t  the Maltese phos

phorites were formed on loca l topographic high areas.

7.8 .2  Phosphate M ineral Formation

Two q u ite  d i f f e r e n t  models have been proposed fo r  the deposition  

of marine phosphate m inera ls : d i r e c t  inorganic  p r e c ip i ta t io n ,  and phos

phatisation o f a p re -e x is t in g  lim estone.

Kasakov's (1937) o r ig in a l  hypothesis s ta ted  th a t  upwelling o f  cold 

ocean currents led to the  d i r e c t  inorganic  p re c ip i ta t io n  o f  a p a t ite  onto
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the s e a - f lo o r .  Although the idea of upwelling being an important fa c to r  

in phosphogenesis has been accepted, Kasakov's dominantly inorganic  

mechanism fo r  p r e c ip i ta t io n  has now been abandoned fo r  a number of reas

ons ( l is t e d  in  Bentor, 1980).

Phosphatisation o f a p re -e x is t in g  limestone was f i r s t  in fe rred  by 

Emigh (1958, 1967) who noted th a t  p e le ta l  phosphorites often had lim e

stone precursors. Ames (1959, 1960) revealed through laborato ry  exp eri

ments th a t  c a lc i t e  powder through which a d i lu t e  phosphate so lution  is  

percolated a t  room temperature e a s i ly  converts to a p a t i t e .  There is  

ample evidence th a t  th is  process -  phosphatisation -  occurs in nature: 

Dietz e t a l .  (1 9 4 2 ) ,  Hamilton & Rex (1 9 59 ) ,  and D'Angeljan (1967, 1968) 

have a l l  discovered phosphatised fo ra m in i fe ra l  tes ts  and m ic r i t ic  lime 

mud. Pevear (1966) s ta ted  th a t  the inorganic  replacement o f CaCOg was 

the only reasonable method of phosphorite fo rm ation .

However, studies of Recent phosphorites o f f  southwest A fr ic a  by 

Baturin (1 9 6 9 ) ,  Romankevitch & Baturin  (1 9 72 ) ,  Baturin & Bezrukow (1979) 

and Birch (1980) have documented p re c ip i ta t io n  o f ,  and replacement by, 

carb o n a te -a p a t ite ,  occurring a t  the present day below the sediment water 

in te r fa c e .  Manheim e t  a l .  (1975) reported the replacement of Pleistocene  

fo ra m in ife ra l  te s ts  o f f  Peru w h i ls t  Burnett (1977) described, from the 

same d ep o s it ,  f r e e  growth of a p a t i te  c r y s ta ls .  I t  appears, th e re fo re ,  

that marine phosphorites may be formed by both p re c ip i ta t io n  o f ,  and 

replacement by, c a rb o n a te -a p a t i te .  Furthermore, Bentor (1980) and others 

would suggest th a t  there  is  some l i t t l e  understood organic control on 

both events since Recent phosphorites are o ften  associated with organic 

m atte r-r ich  sediments.

The c e n tra l  Mediterranean phosphorites show pétrographie fabr ics  

which suggest both d i r e c t  p r e c ip i ta t io n  and replacement of p re -e x is t in g  

limestone. The l a t t e r  is  more common and is  the dominant form of carbon

ate a p a t i te  in  a l l  th ree  c o l le c t in g  areas (southwest S i c i l y ,  southeast 

S ic i ly ,  Maltese is lan d s ) where i t  replaces lime mud, fo ra m in ife ra  and 

(possibly) c a lc i t e  c r y s ta ls .  D ire c t  p r e c ip i ta t io n  is  of re s t r ic te d  oc

currence in  the M altese phosphorites on ly , where i t  occurs as th in  coat

ings on grains and hardground surfaces , and as p o re - l in in g  cement in
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some phosphorites.

7 .8 .3  Phosphorite environments

The form ation of carbonate a p a t i t e  in  the marine environment is  

apparently c o n tro l le d  by a number of physical parameters which include: 

depth, s a l i n i t y .  Eh, pH, slow d e p o s it io n ,  and organic in te ra c t io n .

Depth: Kasakov (1937) considered th a t  phosphorites formed a t

depths between 50-200 m; McKelvey e t a l .  (1953) suggest depths between 

200-1000 m; Veeh e t  a l .  (1 9 7 3 ) ,  100-400 m; and Burnett (1 980 ),  100-400 m. 

Cook (1976) regards depth of less than 500 m as optimum fo r  phosphorite 

form ation. The source of upw elling  o f f  the Namibian coast is  only about 

200 m deep (C a lv e r t  & P r ic e ,  1971).

S a l in i t y :  From a study of anc ien t and present day phosphorites.

Cook (1976) concluded th a t  they form in waters o f normal s a l in i t y .

Martens & H arr is  (1970) have shown, through lab ora to ry  experiments, th a t
p i  2+

carb o n a te -ap a tite  p r e c ip i ta t io n  is  c r i t i c a l l y  dependent of the Mg  ̂ /Ca 

ra t io  in  the aqueous s o lu t io n ,  and not possible in normal seawater (with  

a r a t io  value of 5 .3 ) .  In Mg f r e e  seawater (a s i tu a t io n  found in pore- 

f lu id s ,  Bentor, 1980) however, p r e c ip i ta t io n  o f carb o n a te -a p a tite  and 

phosphatisation of any CaCOg present is  possib le .

Eh: Recent phosphorites are forming in  reduced sediments and are

often associated w ith  g la u c o n ite ,  a mineral considered to form in m ild ly  

reducing environments (Bentor, 1980; Odin & L e t o l le ,  1980), though 

strongly negative  values of Eh are not requ ired  and probably not cond

ucive to phosphorite fo rm ation . Thus Veeh e t a l .  (1973 ),  Burnett (1980) 

and Burnett e t a l .  (1980) found th a t  phosphorites form presently  on the 

Peru-Chile con tin en ta l  slope throughout the e n t i r e  breadth of the oxygen 

minimum b e l t :  a zone w ith in  which minor o s c i l la t io n s  between po s it ive

and negative Eh occur. B aturin  e t a l .  (1970) measured an Eh of -210 mV 

in the phosphorites o f f  Namibia.

pH: Baturin  (1969) and Cook (1976) suggest th a t  phosphorites form

in m ild ly  a lk a l in e  environments, and th a t  th is  is  the primary c o n tro l l in g  

fac to r . In areas of Recent phosphorite depos it ion  pH values in the 

i n t e r s t i t i a l  water o f less than 7 .5 ,  and between 7 .2  and 7 .5 ,  have per

s is te n t ly  been measured (Bentor, 1980).
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Slow d ep o s it io n : Accumulation o f phosphorite  is  known to occur

with sea f lo o r  exposure over long periods of t im e . Thus phosphorites  

of P le is tocene  age are  found in  a c t iv e  phosphate b e l ts  o f f  the coast of 

Peru today (Manheim e t  a l .  y 1975; B u rn e tt ,  1977 ).  Phosphatisation and 

phosphorite conglomerates are o ften  found associated w ith  submarine 

hardgrounds (Bromely, 1975; Bennett, 1980; J a r v is ,  1980) which are 

themselves s i te s  o f non-depos ition  w ith  prolonged exposure on the sea 

f lo o r .

Organic in te r a c t io n :  The r o le  played by organic  m ate ria l  is

l i t t l e  understood. Recent phosphorites are  found associated w ith  org

anic r ic h  sediments (B irc h ,  1980; B u rn e tt ,  1980; N o th o lt ,  1980b).

Bentor (1980) argues th a t  phosphorus is  concentrated by the organic mat

e r ia l  and is  then regenerated to  enrich  the i n t e r s t i t i a l  p o re - f lu id s  in  

which c r y s t a l l i s a t i o n  and replacement occur.

There is  nothing to  suggest th a t  the c e n tra l  Mediterranean phos

phorites formed in  environments w ith  c o n s tra in ts  o ther than those l is t e d  

above. They have formed in  sediments which are thought to  accumulate in  

water depths o f  50-300 m; those o f the M altese  is lands  have a p a ra l le l  

occurrence w ith  g la u co n ite  th e re fo re  suggesting form ation  in  m ild ly  red

ucing c o n d it io n s ; and both the  southeast S i c i l y  and Maltese phosphorites  

are associated w ith  submarine hardgrounds. Boring on these hardgrounds 

and in the phosphatised c la s ts  of the southwest S i c i l y  phosphorite sug

gests prolonged exposure on the sea f l o o r .

7 .8 .4  C entra l M editerranean Phosphorites

The d e p o s it io n a l environment o f  the southwest S i c i l y  phosphorite is  

e s s e n t ia l ly  a secondary one s ince i t  is  in fe r r e d  th a t  the phosphatic  

clasts are reworked from an o ld e r  Eocene d e p o s it .  The primary environ

ment, however, can be e lu c id a te d  by re fe re n ce  to  c la s t  rock type , trace  

fo s s i ls ,  petrography and REE geochemistry.

V a r ia b ly  bored and eroded chalk  rock forms the phosphatised c la s ts .  

The Cretaceous to  Eocene chalks o f  Europe and north A fr ic a  can be i n t e r 

preted, on general faunal and sedim entological grounds, as being deposited  

in open s h e l f  seas in  depths of 50-300 m (Kennedy, 1975). The bored c la s t
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surfaces in d ic a te  prolonged exposure as l i t h i f i e d  c la s ts  on the sea f lo o r  

p r io r  to  phosphatisation  which occurred below the sediment water i n t e r 

face in d ica te d  by the phosphatisation  o f  the i n f i l l s  to  the borings 

together w ith  the c la s ts  themselves. The negative  Eu anomaly discovered  

in the REE d is t r ib u t io n  may r e f l e c t  a reducing environment fo r  phosphat

is a t io n .

In both southeast S i c i l y  and the Maltese is lands  there  is  local  

formation and phosphatisa tion  o f  submarine hardgrounds w ith  subsequent 

erosion and d e p o s it io n  o f  phosphorite conglomerates. Both areas show 

the phosphorites enclosed in  s im i la r  limestone fa c ie s  which are analogous 

to p rev ious ly  described a n c ie n t  s h e l f  sea carbonates (e .g .  Kennedy, 1975; 

Wilson, 1975).  The presence o f  the t ra c e  f o s s i l  T ha lass ino ides  suevious  

implies open s h e l f  sea cond itions  and depths o f 50-300 m f id e  Kennedy 

(1975). I t s  abundance in  the beds below the hardgrounds in  both areas 

ind ica tes  slow d ep o s it io n  p r io r  to  hardground fo rm atio n . Hardground f o r 

mation w ith  ex tens ive  boring a c t i v i t y  on the hardground surface suggests 

non-deposition and prolonged exposure on the sea f lo o r .  That phosphat

isa t io n  occurred below the sediment w ater in te r fa c e  or in  re s t r ic te d  

microenvironments is  evidenced by i t ' s  replacement of lime mud m atrix  in  

the sediment and w i th in  fo r a m in i fe ra l  chambers. F i n a l l y ,  formation of  

the phosphate m inerals  in  lo c a l l y  m i ld ly  reducing conditions may be in 

dicated by the negative  Eu anomaly, but is  evidenced by the p a r a l le l  

formation o f g la u co n ite  in  the M altese  phosphorites.

B u r o l le t  (1967) shows both southeast S i c i l y  and the Maltese islands  

to be s itu a te d  on p o s i t iv e  areas bordering Lower Miocene subsiding troughs 

to the northwest. In fe r re d  c u rre n t  d ire c t io n s  f o r  these times are pre

dominantly e a s te r ly  -  s o u th e as te r ly  (Sheldon, 1964; F e l l ,  1967). The 

combination o f  these two fa c to rs  would r e s u l t  in  upw elling  and possible  

phosphorite fo rm atio n . Slow d e p o s it io n ,  and non-deposition recorded in  

southwest S i c i l y  and the M altese is lands  may r e f l e c t  u p l i f t  of these 

areas and presumably upw elling  currents  provided the necessary phosphate 

and subsequent erosion o f  the hardgrounds to  produce the phosphorite  

conglomerates.
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7.9  Conclusion

The analyses presented above have shown th a t  these cen tra l  

Mediterranean phosphorites are composed o f only  one c a rb o n a te -a p a tite  

mineral: carbonate f lu o r a p a t i t e  ( f r a n c o l i t e ) ,  having an estimated F

content o f  2.3%. A l l  phosphorite  samples are  composite conta in ing  both 

f r a n c o l i t e  and c a l c i t e .  F ra n c o l i te  is  secondary, found rep lac ing  lime 

mud, fo ra m in ife ra  and possib ly  c a lc i t e  c r y s ta ls .  I t  is  present as two 

o p t ic a l ly  d is t in g u ish e d  forms: as dark brown to opaque amorphous spots

and laminae, and as l i g h t  y e l lo w  brown to  orange brown areas is o tro p ic  

to s u b - is o tro p ic  in  n a tu re .  This second o p t ic a l  type is  a d d i t io n a l ly  

found forming primary lam inar coats on hardground surfaces and m u lt ip le  

coatings on phosphorite  conglomerate c la s ts  in  the Maltese islands suc

cession. The mineral in  th is  form has been id e n t i f i e d  as d a h l l i t e  by 

Bennett (1 9 80 ) .

Major element analyses have shown th a t  a l l  the elements except 

Ca and Mg are enriched in  the phosphorites r e la t i v e  to  the pure lim e

stones. T h is ,  along w ith  p o s i t iv e  c o r r e la t io n  o f the elements with  

P2O5 and negative  c o r r e la t io n  w ith  CaO, suggests th a t  the elements are 

located in  the f r a n c o l i t e  l a t t i c e .  High variance in  these p lo ts  is  pro-
p  1

bably due to  m u lt ip le  s u b s t i tu t io n  o f  the Ca ion by the elements, and 

to a le s s e r  e x te n t  due to lo c a t io n  o f  some o f  the elements ( S i ,  A l , Fe,

K and T i )  w i th in  minor q u a n t i t ie s  o f q u a r tz ,  g lau co n ite  and c lay  miner

als w ith in  the phosphorites.

Trace element analyses fo r  Sc, V , N i ,  Cu, S r ,  Zr and Ba have shown 

tha t a l l  but Sc are  enriched in  the phosphorites in  comparison to the 

limestones. For the same reasons as above, the t ra c e  elements are  

thought to  be lo c a te d ,  fo r  the g re a te r  p a r t ,  in  the f r a n c o l i t e .  Deple

tion o f  Ba and the enrichment o f  Sc in  the c en tra l  Mediterranean phos

phorites r e l a t i v e  to  the average phosphorite  (A l ts c h u le r ,  1980) probably  

re f le c ts  the a v a i l a b i l i t i e s  o f  these ions a t  the time o f  formation o f the 

phosphorites ra th e r  than any physico-chemical f a c to r s .  Higher r e la t iv e  

abundances o f Sr in  the younger southeast S i c i l y  and Maltese phosphorites 

in comparison to  the o ld e r  southwest S i c i l y  phosphorite may be a re s u l t  

of weathering loss from the o ld e r  d ep o s its .
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Y and REE analyses have demonstrated the f r a c t io n a t io n  o f the 

l i g h t  REE over the heavy REE in  both phosphorites and lim estones, along 

with a Ce negative  anomaly and a Y p o s i t iv e  anomaly, a l l  be lieved to  

be in h e r i te d  fe a tu re s  from seawater. An Eu negative  anomaly, however, 

is found only in  the phosphorites and may r e f l e c t  form ation in  a m ild ly  

reducing environment.

Major e lem ent, t ra c e  element and REE analyses show s im i la r i t i e s  

between the southeast S i c i l y  and Maltese phosphorites but th a t  these 

d i f f e r  from the southwest S i c i l y  phosphorite . These d if fe re n ce s  and 

s im i la r i t i e s  are a lso  seen in  l i th o lo g y  and age. The southwest S ic i l y  

phosphorite comprises phosphatised chalks o f  Eocene age w h i ls t  the 

southeast S i c i l y  and Maltese phosphorites are phosphatised benthonic and 

p lanktonic  fo r a m in i fe r a l  wackestones o f Lower Miocene age, in  both cases 

associated w ith  hardground fo rm atio n . The geochemical f in g e r p r in t  of  

the southwest S i c i l y  phosphorite  is  s ig n i f i c a n t l y  d i f f e r e n t  to  suggest 

tha t i t  belongs to  a d i f f e r e n t  phosphogenic episode than the Lower 

Miocene southeast S i c i l y  and M altese phosphorites which have s im i la r  

geochem istries. The exc lu s iv e  Eocene date o f  the phosphatised c las ts  

might suggest th a t  they are  in  some way associated w ith  the Cretaceous to  

Eocene phosphorites o f  north A f r ic a .

The southeast S i c i l y  and M altese  hardgrounds are envisaged as 

forming on topographic highs w ith  l i t t l e  or no d epos it ion  and with sub

sequent erosion to  form phosphorite  conglomerates. U pw elling , to  produce 

the p h o sp h a tisa tio n , is  thought to  be from the northwest. Along with the 

southwest S i c i l y  phosphorite , they are thought to  form in water depths of 

50-300 m; in  m i ld ly  reducing environments; and phosphatisation is  thought 

to take p lace below the sediment w ater in te r fa c e .

In conclus ion , i t  is  in fe r re d  th a t  the continent-ocean configura 

t io n ,  p r e v a i l in g  c u rre n t  d i r e c t io n ,  sea f lo o r  topography, c lim ate  of the 

adjacent c o n tin e n t and l a t i t u d e  were the major fe a tu res  o f the palaeo- 

environment which led  to  form ation o f these T e r t ia r y  phosphorites in the 

central M editerranean a re a ,  and th a t  th is  p a tte rn  is  co n s is ten t w ith the 

general p a t te rn  o f phosphorite palaeoenvironmental o r ig in s  advocated by 

Freas & Eckestrom (1 9 6 8 ) .
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C H A P T E R  8

CONCLUSION

8.1 S tra t ig ra p h y

8.1 .1  Upper Oligocene Limestones

The Upper Oligocene limestones are  ch ara c te r ised  by l i g h t  grey 

weathering massive beds o f poorly  sorted coarse gra ined b io c la s t ic  

packstones and gra instones conta in ing  abundant Lepidocycline benthonic 

fo ra m in ife ra  and common a lg a l  rh o d o l i th s .  These limestones are d iv is 

ib le  in to  two fa c ie s  which d i f f e r  in  t h e i r  major c o n s t i tu e n ts ,  rock 

type and macrofauna (S ect ion  2 .4 )  : a fo ra m in i fe r a l  g ra instone-pack-  

stone fa c ie s  and a rh o d o l i th ic  a lg a l  packstone-wackestone fa c ie s .

Apart from fo r a m in i fe r a ,  only th ree  in v e r te b ra te s  are  lo c a l ly  common: 

a large  cass id u lo id  e ch in o id , Echinolampas c f .  v is e d o i Lambert; a mod

e ra te ly  la rg e  c ly p e a s te ro id  echinoid  of low p r o f i l e ,  ClypeasteT  c f .  

'o illa p la n a e  Cotteau; and is o la te d  valves of a la r g e ,  s trong ly  ribbed  

species of the p e c t in id  b iv a lv e  Chlamys.

Only th re e  form ations spanning Upper Oligocene sediments have so 

fa r  been defined  in  S i c i l y :  the Ragusa Formation o f Middle Eocene to

Middle Miocene s h e l f  carbonates (Rigo & B a r b ie r i ,  1959); the Bonifato  

Formation of Upper Oligocene to  Lower Miocene deep s h e l f  g la u co n it ic  

limestones (Schmidt di F r ied b erg , 1962); and the Numidian Flysch Forma

tion of Upper Oligocene to  Lower Miocene si 1 i c i  c la s t i c  sediments (Wezel, 

1966). C le a r ly ,  the Upper Oligocene shallow w ater s h e l f  carbonates des

cribed here correspond more c lo s e ly  in  l i t h o f a c ie s  w ith  the Ragusa 

Formation than e i t h e r  o f  the o ther  two. Moreover, they correspond more 

closely  w ith  the benthonic fo ra m in i fe ra l  c a lc a re n ite s  and c a lc iru d ite s  

of i t s  Irm in io  Member than w ith  the f in e  gra ined sometimes nodular bed

ded limestones o f the underly ing  Leonardo Member. However, since the 

Irm inio Member has been r e l i a b l y  dated as Lower Miocene (Aquitanian to  

Burd iga lian ) in  age on the basis o f contained p lan kto n ic  foram infera  

(e s p e c ia l ly  GZoh'tgevino'ides primord'Cus and G. s io anus)  (Di Grande e t a t . .
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1977), use of th is  formation/member name f o r  the limestones o f southwest 

S ic i ly  would imply th a t  the I rm in io  Member is  diachronous.

The limestones are  c h arac te r ise d  by a benthonic fo ra m in ife ra l  as

s oc ia tion  t y p ic a l l y  o f  sub-equal abundances o f L e p id o c y c lin a  (E u lep id ina )  

d i la ta ta ,  L. (N eph ro lep id ina )j, S p iroo lypeus^ Am phistegina^ F a ra vo ta lia ^  

R o ta lia ^  C yo loo lypeus  and H e te ro s te g in a /O p e vcu lin a  w ith  some M iogypsino ides  

oomplanatus and M iogypsina . The presence o f M iogypsino ides complanatus 

along w ith  the presence but pauc ity  o f  M iogypsina  suggests th a t  the l im e

stones belong to the C h a tt ian  Stage o f  the Upper Oligocene (Section 2 .1 . 4 ) .  

Closely s im i la r  assoc ia tions  are w ell  known from the Upper Oligocene e ls e 

where in  the Tethyan rea lm , and have been recorded from the: Maltese

islands ( F e l i x ,  1973; Bennett, 1980 ),  southern I t a l y  (A fcha in , 1966) cen

t r a l  I t a l y  ( P ie r o n i ,  1965 ),  northern I t a l y  (C i t a ,  1965 ),  Somalia (A z z a ro l i ,  

1958) and A u s t r a l ia  (Chaproniere , 1975).

8 .1 .2  Lower Miocene Limestones

The Lower Miocene limestones are  represented by well bedded, mod

e ra te ly  s o r te d ,  sand s iz e d ,  b io c la s t ic  gra instones w ith  a common glaucon

i t e  and q u artz  sand c o n te n t.  They are  separable  in to  a lower g lau co n it ic  

limestone fa c ie s  and an upper sandy lim estone f a c ie s .  Macrofauna has not 

been found.

The limestones have been p rev io u s ly  c o rre la te d  w ith  the Bonifato  

Formation (S ection  3 .1 . 3 )  defined  by Schmidt di Friedberg (1962) to comp

rise  the Upper 01igocene-Lower Miocene g la u c o n it ic  limestones of western 

S ic i ly .  In c o n tra s t ,  the only two o th er  form ations spanning m id -T e r t ia ry  

(Upper Oligocene -  Lower Miocene) sediments in  S i c i l y  are characterised  

by n o n -g la u c o n it ic  s h e l f  limestones (Ragusa Formation) or s i l i c i c l a s t i c  

deposits (Numidian Flysch Form ation).

The benthonic fo rm a in i fe r a l  ass o c ia t io n  id e n t i f i e d  from these lim e

stones is  ch arac te r ised  by common to  abundant M iogypsina  along with L.

(R ephvotepid ina ) 3 A m phis teg ina , H e te ros teg ina /O peT C u lina j R o ta lia ,  L. 

(E u lep id ina )^  S p iroo lypeus^ Sphaerogypsina  and u n d i f fe r e n t ia te d  small 

R o ta l i id s ,  T e x tu la r i id s  and N odosariids . C o r re la t io n  w ith  the Lower
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Miocene (A q uitan ian  -  B u rd ig a l ia n )  is  in d ica te d  by the r e la t i v e  abund

ance o f M iogypsina  (Section  3 .1 . 4 )  and, according to  Blondeau e t a l .

(1972) and Mascle (1 9 7 9 ) ,  the i d e n t i f i c a t i o n  of M iogypsina  c f .  g u n te r i 

and M io le p id o o y c lin a  c f .  h u rd a g a le n s is  from some l o c a l i t i e s .  (This

Lower Miocene age is  a lso  suggested by the presence of Upper Oligocene -

Lower Miocene (A q u itan ian ) a rg il la c e o u s  sediments w ith  a r ic h  p lanktonic  

fauna (Section  3 .1 . 4 )  s i tu a te d  conformably below these g la u c o n it ic  sandy 

l im estones). S im i la r  M io g y p s in a -r \c h  limestones are known from the 

Lower Miocene of southeast S i c i l y  (Di Grande e t  a l .  1977), cen tra l  

I t a l y  (P ie r o n i ,  1965) and northern I t a l y  (C i t a ,  1965) where, in  the la s t

case, they are a lso  associated w ith  g la u c o n it ic  l im estones.

8 .1 .3  Palaeogene-Neogene Boundary

That there  is  l i t t l e  change in  benthonic fo ra m in i fe ra l  associa

tions across the Palaeogene -  Neogene (Oligocene/Miocene) boundary has 

been known f o r  some years (Adams, 1973; Senes, 1976). The presence, 

th e re fo re ,  o f  s im i la r  fo r a m in i fe r a l  assoc iations  here , in  both Upper 

Oligocene and Lower Miocene lim estones , is  u n su rp ris in g . The fo ra m in i

fe r a ,  however, are mostly id e n t i f i e d  only to  generic  l e v e l .  Id e n t 

i f i c a t i o n  to  species le v e l  may in d ic a te  more s ig n i f ic a n t  change and fa c 

i l i t a t e  more p rec ise  (zo n a l)  c o r r e la t io n  and such a study is  c u rre n t ly  

in progress by my co lleague John E l l i o t t  of Bedford College (U n iv e rs ity  

of London) ( E l l i o t t ,  in  p r e p . ) .  The conta in ing  sediments do, however, 

record a marked change in  the sedimentary regime: from pure limestones

(on the Saccense Carbonate P la tfo rm , Chapter 2) and a rg il la ce o u s  depo

s its  ( in  the S ican i Basin, Section 3 .3 . 2 )  o f  Upper Oligocene age, to  

g la u c o n it ic  limestones o f  Lower Miocene age throughout.

On the Saccense Carbonate P la tform  there  is  evidence fo r  a t  lea s t  

a local break in  sedim entation between the Upper Oligocene and Lower 

Miocene lim estones. There, in  a r e s t r ic t e d  exposure a t  Nadorello  east 

( lo c a l i t y  D, F ig .  2 . 1 ) ,  the Upper Oligocene is  represented by 3 -4  m of  

algal limestones re s t in g  unconformably on Upper Cretaceous chalks. These 

limestones a re ,  in  tu rn ,  o v e r la in  by a s in g le  bed ( 0 .3 - 0 .5  m th ic k )  of 

g la u co n it ic  sandy limestones (o f  probable B u rd ig a lian  age f id e  C.G. Adams, 

pers. comm.). Exposure o f  the con tact between the Upper Oligocene and 

Lower Miocene sediments is  poor but i t  is  i r r e g u la r  with minor erosional
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r e l i e f .  Elsewhere a t  N adore llo  east s im i la r  g la u c o n i t ic  limestones in 

f i l l  a f is s u re  in  the Upper Oligocene a lg a l  limestones (a t  lo c a l i t y  B, 

Fig . 2 . 1 ) .  The f is s u r e  surface  is  bored by Trypanites (Section 4 .2 .2 )  

in d ic a t in g  th a t  s u f f i c i e n t  time had elapsed f o r  l i t h i f i c a t i o n  of the  

limestones to occur. These Trypanites bores were then i n f i l l e d  by the 

Lower Miocene g la u c o n i t ic  lim estones.

In the Sicani Basin, however, the Upper Oligocene -  Lower Miocene 

succession is  ap p aren tly  continuous. There, the ju n c t io n  between the 

Upper Oligocene a rg il la c e o u s  deposits  and the Lower Miocene g la u c o n it ic  

sandy limestones is  a r b i t r a r y  and t r a n s i t io n a l ,  marked by a gradual in 

troduction  o f g la u c o n it ic  limestones beds (Section  3 . 3 ) .

8 .2  D epos it iona l H is to ry

8 .2 .1  Upper Oligocene Limestones

The Upper Oligocene limestones r e s t  unconformably, sometimes with  

s l ig h t  angu lar d iscordance, on chalks o f  Upper Cretaceous and Eocene age, 

P rio r to  d e p o s it io n ,  f a u l t  c o n tro l le d  d i f f e r e n t i a l  subsidence (Section

2 . 6 . 2 ) , possi bly re la te d  to  the f i r s t  periods o f c o l l i s io n  orogeny and 

southward th ru s t in g  which began in  northern S i c i l y  in  Upper Oligocene -  

Lower Miocene times (S ection  1 . 3 ) ,  caused lo c a l is e d  erosion to expose 

Upper Cretaceous chalk  in  a north -south  trend ing  trough in  the centre of 

the area w h i ls t  on i t s  ad jacen t f la n k s .  Eocene and possib ly  Oligocene 

{fide Campisi, 1968) chalks formed the su b stra te  f o r  Upper Oligocene 

depos it ion .

Sedimentation began w ith  the d ep o s it io n  of small q u a n t i t ie s  of  

conglomerate in  the c e n tra l  trough ra th e r  than on the e levated  f lan ks .

The conglomerate is  composed o f  (S ection  2 . 2 . 2 ) :  chalk pebbles, cobbles

and boulders lo c a l l y  d er ived  from the Upper Cretaceous and Eocene lim e

stones below the unconform ity; la rg e  echinoids and b ivalves  o f  Upper 

Oligocene age; and phosphatised chalk pebbles and cobbles derived from 

an allochthonous source. The contained microfauna o f the phosphatised 

chalky limestone c la s ts  in d ic a te s  th a t  they are  e x c u ls iv e ly  o f Eocene 

age. Geochemical analyses of these phosphatic c la s ts  are presented in  

Chapter 7 along with analyses of o ther m id -T e r t ia ry  phosphorites from
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the c e n tra l  M editerranean area (southeast S i c i l y  and the Maltese is la n d s ) .  

The analyses show th a t  the t ra c e  element s u i te  in  the Eocene c las ts  of 

the southwest S i c i l y  phosphorite (enriched in  Ni and Z r)  is s ig n i f ic a n t ly  

d i f f e r e n t  from the s u ite s  found in  the Lower Miocene phosphorites from 

southeast S i c i l y  and the M altese  is la n d s ,  which are  s im i la r  to each other.  

The southwest S i c i l y  phosphorite  is  a lso  enriched in  the Rare Earth 

Elements by a fa c to r  of s ix  to  e ig h t  times over the o ther two areas.

This d i f fe re n c e  in  geochemistry suggests th a t  the southwest S ic i l y  phos

phorite  belongs to a d i f f e r e n t  phosphogenic province (N o th o lt ,  1980b) 

and th a t  the m id -T e r t ia r y  c e n tra l  M editerranean prov ince , represented by 

the phosphorites o f  southeast S i c i l y  and the M altese is lands did not ex

tend in to  southwest S i c i l y .  Moreover, th is  d i f fe r e n c e  in geochemistry 

in the southwest S i c i l y  phosphorite  is  c o n s is te n t  w ith  a d if fe re n c e  in  

age o f the c la s ts  (e x c lu s iv e ly  Eocene) in d ic a t in g  th a t  they were derived  

from an Eocene phosphorite , o f  which the c lo s e s t  known example outcrops 

in Tunis ia  (B r i t is h  Sulphur C orpora tion , 1973).

On top o f the basal conglomerate up to  c . 40 m o f Upper Oligocene 

limestones were deposited in  two fa c ie s .  R h o d o lith ic  a lg a l packstones 

and wackestones were deposited in  the c e n tra l  trough w h i ls t  fo ra m in i

fe ra l  gra instones and packstones were deposited on the bordering high 

areas (F ig .  2 .1 0 ) .  Minor developments of the r h o d o l i th ic  fac ies  also  

occur w ith in  the eastern  high a rea .

Both fa c ie s  are dominated by an a sso c ia t io n  o f hya line  calcareous 

fo ra m in ife ra  ( l i s t e d  in  Section 8 .1 . 1 )  which d i f f e r s  only in  the pres

ence o f L. (Eulepidina) dilatata in  the r h o d o l i th ic  fa c ie s  but i t s  ab

sence in  the fo ra m in i fe ra l  f a c ie s .  The r h o d o l i th ic  fa c ie s  is  charact

erised by a lg a l rh o d o li th s  o f v a r ia b le  growth form (Section 4 .1 .3 )  comp

osed o f e ig h t  species o f  s ix  genera o f crustose c o r a l l in e  red algae 

(Section 4 . 1 ) .  The a lg a l  a ss o c ia t io n  is  dominated by the cool water 

genera Lithothamnium and Mesophyllum over the warm water genera Archaeo- 
lithotharmium^ Lithophyllum and Lithopovella. From the combined f lo r a ,  

macrofauna and microfauna i t  is  in fe r re d  (Section  2 .5 )  th a t  the lim e

stones v/ere deposited in  c o o l ,  oxygenated waters o f  normal marine s a l i 

n ity  in  depths o f 80-250 m in  a t ro p ic a l -s u b t r o p ic a l  l a t i t u d e .  The two 

fac ies  represen t d i f fe re n c e s  in  loca l water depths and turbulence
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(Section 2 . 6 . 2 ) :  the r h o d o l i th ic  fa c ie s  rep resen tin g  depos it ion  in  the

c en tra l trough which was s h e lte re d  from transverse  currents  (F ig .  2 .9 )  

w h ils t  the fo ra m in i fe r a l  gra instones were deposited on the bordering  

cu rren t swept high areas. Minor developments o f the rh o d o l i th ic  fac ies  

in the eas t o f the area represent d ep o s it io n  in  lo ca l depressions or 

s t a b i l i s a t io n  o f the su b stra te  by the la rg e  L. (Eulepidina) dilatata^ 
thus a llow ing  a lg a l e n c ru s ta t io n .

These Upper Oligocene limestones form p a r t  o f the Saccense 

Carbonate P la tfo rm  (Section  1 .4 ) .  As described above (Section 2 . 2 . 1 ) ,  

th e i r  base (which can be seen or in fe r r e d  a t  several l o c a l i t i e s )  is  un- 

conformable on Upper Cretaceous to  Eocene chalks . However, the top of 

the succession is  seen only a t  N adore llo  e a s t ,  where g la u c o n it ic  sandy 

limestones o f probable B urd iga lian  age o v e r l ie  w ith  erosional contact.  

Elsewhere, a co n tact w ith  o v er ly in g  younger form ations is  not seen.

Immediately to  the north o f the Upper Oligocene limestones (F ig .

1 .5 )  the Upper Oligocene s itu a te d  in  the S icani Basin (F ig .  1 .4 )  is  

represented by deep w ater a rg i l la c e o u s  deposits  (Cata lano & D 'Argenio,  

1978; Section 3 . 3 . 2 ) .  No in terbed ding  or in te r f in g e r in g  o f Upper 

Oligocene limestones and a rg il la c e o u s  deposits  can be seen. Th is , along 

with the absence o f any a rg il la c e o u s  m a te r ia l  in  the limestones, sug

gests th a t  the boundary between the Saccense Carbonate P latform  and the 

Sicani Basin was sharp and steep and th a t  the d i f fe re n c e  in  water depth 

between the two was c o n s id erab le .  Complementary studies on the Upper 

Oligocene -  Lower Miocene fo ra m in ife ra  o f  the Saccense P latform  and the 

Sicani Basin are  intended to  e lu c id a te  both s t r a t ig r a p h ie  (zona l)  and 

palaeoenvironmental re la t io n s h ip s  o f  the two regions in  more d e ta i l  

( E l l i o t t ,  in  p r e p . ) .

8 .2 .2  Lower Miocene Limestones

Two fa c ie s  are recognised in  the Lower Miocene limestones from 

the S icani Basin (Section  3 . 3 ) :  a g la u c o n i t ic  limestone fa c ie s  and a

sandy limestone fa c ie s .  The fo rm er, found throughout the outcrop area 

(F ig . 1 . 5 ) ,  res ts  conformably on Upper Oligocene a rg il la ce o u s  deposits. 

The l a t t e r ,  found only in  the Mt Genuardo a re a ,  re s ts  with sharp, non- 
erosional co n tac t on the g la u c o n it ic  limestone fa c ie s .
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Microprobe analyses o f the green m ineral found in  these sediments 

are presented in  Chapter 6 . The analyses id e n t i f y  the m ineral as g lauc

onite  and not chamosite (which can a lso  occur in  p e l le t a i  form in  sed i

mentary ro c k s ) .  The a u th ig e n ic  nature o f  the g la u co n ite  p e l le ts  in  the 

g la u c o n it ic  lim estone fa c ie s  is  suggested by t h e i r  abundance and in d i 

cated by t h e i r  ass o c ia t io n  w ith  e a r ly  marine fe r ro a n  c a lc i t e  cements 

(Section 6 . 2 ) .  In c o n tra s t ,  in  the sandy limestone fa c ie s  the d e t r i t a l  

(reworked) nature  o f  the g lau co n ite  is  suggested by i t s  r e la t i v e  spars

i t y  and by the absence o f any e a r ly  marine fe rro an  c a lc i t e  cements. 

Microprobe r e s u l ts  suggest th a t  the g la u co n ite  p e l le ts  were formed from 

calcium carbonate precursory gra ins  (S ection  6 .4 )  since the grains an

alysed have chem is tr ies  which in d ic a te  in te rm ed ia te  stages in  the g lauc-  

o n i t is a t io n  process, from gra ins  o f (n e a r)  pure c a lc i t e  to  grains of 

pure g la u c o n ite .  This development of g la u co n ite  from a calcium carbon

ate precursor supports the l a t e s t  theory  fo r  g lau co n ite  form ation prop

osed by Odin & M a tte r  (1981) and c o n tra d ic ts  the e a r l i e r  " la ye r  l a t t i c e  

theory" which req u ires  an i n i t i a l  su b stra te  o f  a la y e r  s i l i c a t e  mineral 

(Sections 6 .4 .3  and 6 . 5 ) .  The microprobe re s u lts  presented here also  

show th a t  most o f the g la u co n ite  p e l le t s  are chem ica lly  mature (they  

contain K^O > 7%, Section  6 .4 . 3 )  and th e r fo re  the substrate/environm ent  

fo r  g lau co n ite  fo rm ation  was a mature one.

Sediments o f  the g la u c o n i t ic  limestone fa c ie s  suggest a d ep o s it

ional environment (S ection  3 .4 . 1 )  in  agreement w ith  th a t  concluded from 

the au th ig en ic  g la u co n ite  (Section  6 . 6 ) :  moderately  tu rb u le n t ,  normal

s a l in e ,  cool waters around the oxygen minimum zone with slow sedimenta

tion ra te  in  the deeper p a r t  o f  the 80-250 m depth range. The overly ing  

sandy limestone fa c ie s  represents  g re a te r  water depths ( s t i l l  w ith in  the 

80-250 m ra n g e ) ,  p o ss ib ly  as a r e s u l t  o f  the Lower Miocene transgression  

well known elsewhere in  the Mediterranean (Section  3 .5 ) .  The environ

ment of the fa c ie s  is  otherw ise moderately  tu r b u le n t ,  o x id is in g  with  

slow sedim entation ra te s  and possib ly  depressed temperatures and s a l i n i 

t ie s .  The cessation  of au th ig en ic  g la u co n ite  growth in  th is  fa c ie s  may 

r e f l e c t  the in t ro d u c t io n  o f s tro n g ly  o x id is in g  c o n d it io n s ,  or may be due 

to depressed temperatures and /or s a l i n i t i e s .

When viewed in  a reg io n a l context (Section  3 . 5 ) ,  the g la u co n it ic
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limestones are  in te rp re te d  to  be a b lanket of sediment on the c re s t  of 

the north-south  trend ing  pa laeo-h igh  which formed the Western S ic i ly  

Bridge (Cata lano & D 'A rgen io , 1978; Section 1 .3 )  covering the palaeo-  

geographic u n its  o f the Saccense Carbonate P la t fo rm , S icani Basin and 

the Trapanese Carbonate P la tfo rm  (F ig .  3 . 5 ) .  Cross curren ts  (palaeo-  

current d i r e c t io n s  f o r  the time were in  a general eas t-w est d i r e c t io n .  

F e l l ,  1967) sweeping over th is  pa laeo-h igh  reduced sedim entation, 

caused rew ork ing , and so created  an environment conducive f o r  glaucon- 

i t i s a t i o n .  Mt Genuardo, in  the south, ves s itu a te d  on the c re s t  or 

s l ig h t ly  to the western s ide  o f the pa laeo -h igh  w h i ls t  Mt C a r d e l l ia ,  to 

the n o rth ,  was s itu a te d  down the eastern  slope o f the Western S ic i ly  

Bridge (F ig .  3 . 5 ) .  These two p o s it io n s  e xp la in  the presence of abun

dant quartz  sand in the succession a t  Mt Genuardo but i t s  near absence 

a t Mt C a r d e l l ia  (Section  3 . 5 ) .  The q u artz  sand has a s im i la r  tex tu re

and petrography to the q u a rtz  sands o f the Numidian Flysch (described

by Wezel, 1970) suggesting th a t  i t  has the same source. I t s  presence a t

Mt Genuardo but not a t  Mt C a r d e l l ia  agrees with the southern d e r iv a t io n

of the f ly s c h  from the Saharan P la tfo rm  proposed by Wezel (1970, 1975) 

(Section 3 . 5 ) .

F i n a l l y ,  th is  in t e r p r e t a t io n  o f  fa c ie s  d is t r ib u t io n  dates u p l i f t  

of the Western S i c i l y  Bridge as te rm ina l Oligocene -  e a r l i e s t  Miocene, 

e a r l ie r  than the p o s t-B u rd ig a l ia n  tim ing p re v io u s ly  proposed by Catalano 

& D'Argenio (1 9 7 8 ) .

8 .3  D iag en e tic  H is to ry

8 .3 .1  Upper Oligocene Limestones

The d ia g e n e t ic  fe a tu re s  of the Upper Oligocene limestones are  

described and discussed f u l l y  in  Sections 5.1 and 5 .2 .  The widespread 

features of d iagenesis  a re :  cementation (fo u r  p e r io d s . Section 5 .1 . 2 ) ,

compaction (S ection  5 .1 .3 )  and neomorphism (Section  5 . 1 . 4 ) .  Localised  

diagenetic  fe a tu re s  in c lu d e : syn-cementation pore sediments (Section

5 .1 .5 ) ,  d o lo m it is a t io n  (S ection  5 . 1 . 6 ) ,  and fe ld s p a r  form ation (Section

5 .2 ) .

The time re la t io n s h ip s  o f a l l  these d ia g e n e t ic  events (except 

d o lo m it is a t io n ,  which is  present a t  only one l o c a l i t y  and is  of unknown 

tim ing) are  as fo l lo w s :
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1) P r e c ip i ta t io n  o f  the f i r s t  period o f cement (Section 5 .1 .2 b )  

in a marine environment a t  or below the sedim ent/w ater in te r fa c e .

2) P r e c ip i ta t io n  o f the second period o f cement (Section 5 .1 .2 c )  

a t  or below the sed im ent/w ater in t e r f a c e .  Where th is  cement is  assoc

iated  with the g la u c o n i t ic  sediments in  western N adore llo  i t  contains  

a lte rn a t in g  zones o f fe r ro a n  and non-ferroan  c a lc i t e  in d ic a t in g  th a t  i t  

formed in  the same environment as the g la u co n ite  and a t  the same tim e, 

and th e re fo re  i t  is  e a r ly  d ia g e n e t ic  in  o r ig in  (Section  5 .1 .2 g ) .

3) Formation o f  p o r e - f i l l i n g  fe ld s p a rs ,  s y n -g la u c o n it is a t io n  

(Section 5 .2 )  and th e re fo re  e a r ly  d ia g e n e t ic ,  marine in  o r ig in .  Since 

both fe ld s p a r  fo rm ation  and the second period cement are  s yn -g lau co n it-  

is a t io n ,  i t  is  l i k e l y  th a t  they are contemporaneous w ith  each o ther.

4) P r e c ip i ta t io n  o f the th i r d  period o f cement (Section 5 .1 .2 d )  

in a marine environment a t  or below the sediment water in te r fa c e .

5) Compaction due to progressive  b u r ia l  by younger sediments, 

re s u lt in g  in  r e d is t r ib u t io n  and f r a c tu r e  o f gra ins and a lso  pressure 

solution  between gra in s  (Section  5 . 1 . 3 ) .

6 ) D epos it ion  o f p o r e - f i l l i n g  sediments a f t e r  u p l i f t  in to  the 

vadose environment (S ection  5 . 1 . 5 ) .

7) P r e c ip i ta t io n  o f the fo u r th  period cement in  a fresh  water 

phreatic  environment (S ect ion  5 . 1 . 2 e ) . Neomorphism of depos it iona l  

lime mud to  m icrospar was probably contemporaneous w ith  th is  cementation 

period s ince the process is  g e n e ra l ly  believed to take place in  a fresh  

water environment (S ect ion  5 . 1 . 4 ) .  Both events 6 and 7 probably took 

place upon f i n a l  u p l i f t  o f the sediments, w ith vadose and p h rea t ic  en

vironments represented in  the same rocks by means o f  a f lu c tu a t in g  water 

ta bl e .

The f i r s t  th ree  periods o f cem entation, which are e a r ly  marine in  

orig in  (S ection  5 . 1 . 2 ) ,  are  a lso  usefu l in d ices  o f d ep o s it io n a l environ

ments. T h e ir  general poor or lo c a l is e d  development suggests p r e c ip i ta 

tion in  cool deep v/aters in  a su b tro p ica l environment where waters are 

less sa tura ted  with CaCOg (S ection  5 . 1 . 2 ) .  A lso , the probable high Mg- 

c a lc i te  o r ig in a l  m ineralogy of these cements suggests the same deep cool 

water environment (S ection  5 . 1 . 2g) ,  which agrees w ith  the environment
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in fe rre d  from the sediments (S ection  8 . 2 . 1 ) .

8 .3 .2  Lower Miocene Limestones

Diagenesis in  the Lower Miocene limestones is  less complex. The 

fea tu res  are f u l l y  described and discussed in  Section 5 .3 .  They include  

two periods o f cementation separated by a period of compaction.

1) F i r s t  period  of cement (Section  5 .3 . 2 b ) ,  p re c ip i ta te d  a t  or 

below the sedim ent/w ater in t e r f a c e .  The cement commonly shows ferroan  

c a l c i t e / c a l c i t e  zones ( in  the g la u c o n i t ic  limestone fa c ie s )  in d ic a t in g  

th a t i t  is  s y n -g la u c o n i t is a t io n ,  e a r ly  marine in  o r ig in .

2) Compaction (S ection  5 .3 . 3 )  due to  progressive b u ria l by 

younger sediments and r e s u l t in g  in  the same fe a tu re s  as found in  the 

Upper Oligocene l im estones.

3) Second period o f  cement (S ection  5 . 3 . 2 c ) ,  p re c ip i ta te d  in  the 

fresh water p h re a t ic  environment a f t e r  u p l i f t .

C o r re la t io n  of the d ia g e n e t ic  events found in  the Upper Oligocene 

and Lower Miocene limestones is  probably r e s t r ic t e d  to the la s t  period  

of cementation. The f i r s t  th ree  periods o f cement found in  the Upper 

Oligocene a re  e a r ly  marine and th e re fo re  Upper Oligocene in  age. These 

do not c o r r e la te  with the marine cement found in  the Lower Miocene lim e

stones since th is  is  Lower Miocene in  age. Compaction in  each of the  

rock u n its  is  o f  s im i la r  in t e n s i t y  ( i . e .  i t  is  represented by gra in  f r a c 

ture and g ra in  co n tact pressure s o lu t io n  throughout) and so i t  probably  

re la te s  to  the continu ing  process o f b u r ia l  ( ra th e r  than the superimpos

i t io n  o f th r u s t  sheets) and th e re fo re  i t  is  o f near penecontemporaneous 

age. In each occurrence, i t  post-dates  the e a r ly  marine cement and pre

dates f i n a l  p o r e - f i l l i n g  cement. F i n a l l y ,  in  both the Upper Oligocene 

and Lovjer Miocene limestones the l a s t  d ia g e n e t ic  event is  th a t  o f  pore- 

f i l l i n g  c le a r  blocky spar o f  f re s h  water p h re a t ic  o r ig in .  In both cases 

th is  is  probab ly  r e la te d  to  (the  same period o f )  f i n a l  u p l i f t  and hence 

is of presumed Quaternary age (M ascle, 1973, 1979 ).

8 .4  Regional S e t t in g

8.4 .1  General

S i c i l y  is  s itu a te d  in  the c e n tra l  Mediterranean sea between the
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continenta l masses o f Europe and A f r ic a .  G e o lo g ic a l ly ,  the is land is  

located on the northern edge o f the A fr ic a n  P la te  and i t  forms an eas t

ern extension o f  the s t r u c tu r a l  and palaeogeographic zones recognised 

in northwest A f r ic a  ( B u r o l le t ,  1967; Durand Delga, 1967; C a ire ,  1970,

1978; Wezel, 1970; Bemmelen, 1975; Brunn & B u r o l le t ,  1979). Undeformed 

A frican  carbonate p la tfo rm  is  represented by the Eocene to  Miocene lim e

stones o f  the Ib lean  P lateau (F ig .  1 .3 )  in  southeast S i c i l y ,  which form 

part o f  the "A fr ican  Promontory" s t re tc h in g  as f a r  north and east as 

Apulia and the southern A d r ia t ic  (C a ire ,  1978). In southwest S ic i ly  

Channel e t a l ,  (1980) argue, th a t  s ince palaeomagnetic data from the 

southernmost " th ru s t  sheet" o f  the Western S i c i l y  Bridge (on which some 

of the Upper Oligocene l im estones, described here , are s i tu a te d )  are  

s im ila r  to  those recorded f o r  the Ib lea n  P lateau and northwest A f r ic a ,  

then th is  " th ru s t  sheet" must be in  s i t u  and, l i k e  the Ib lean P la teau ,  

represent a northern extension o f undeformed A fr ic a n  P la tfo rm . Apart 

from these two a rea s , in  southwest and southeast S i c i l y ,  the pre-Neogene 

rocks which outcrop on the is la n d  are  a llochthonous and have t ra v e l le d  

varying d is tances in  a so u th e r ly  d i r e c t io n  (Cata lano & D 'Argenio , 1978; 

Catalano e t  a l ,  , 1978; Channell e t  a l . ,  1980). The most allochthonous  

u n it  is  th a t  o f  the P e lo r i ta n i  Mountains in  the northeast o f the is land  

which is  be lieved  to  have t r a v e l le d  from an o r ig in a l  p o s it io n  th a t  is  

now the s i t e  o f  the present day is la n d  o f S ard in ia  (C a ire ,  1978). The 

rocks o f  th is  u n i t  inc lude  gneiss and s c h is t  o f  probable Devonian age 

representing p a r t  o f  the Hercynian basement o f the "European P late"

(Duee, 1970; T r u i l l e t ,  1970; C a ire ,  1978).

8 .4 .2  Palaeogeography

The general palaeogeography o f  the c e n tra l  Mediterranean area in  

Upper Oligocene -  Lower Miocene times is  given in  F igure 8 .1 .  This work 

has shown (Section  3 .5 )  from s t r a t ig r a p h ie  evidence (Upper Oligocene deep 

water a rg i l la c e o u s  rocks o v e r la in  by Lower Miocene outer s h e lf  g lau co n it ic  

limestones) th a t  the Western S i c i l y  Bridge was a p o s it iv e  area in  basal 

Miocene t im es, e f f e c t i v e l y  separa ting  the Western S i c i l y  Neogene Basin 

(Caste lvetrano Basin) from the C entra l S i c i l y  Neogene Basin (C a lta n is e tta  

Basin). This separa tion  is  in d ica te d  by the d epos it ion  o f Numidian Flysch 

in western S i c i l y  in  the C aste lve tran o  Basin (Catalano & D'Argenio,

1978) and on the western f la n k  o f the Western S i c i l y  Bridge (Section 3 .5 ) ;
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and the absence o f the same f ly s c h  in  the C a l ta n is e t ta  Basin except 

where the f ly s c h  has been ab le  to  s p i l l  over the s i l l  formed by the 

Trapani Carbonate P la tfo rm  (the V ic a r i  h ig h , sensu  Mascle, 1970) 

which separates the basin from the Imerese Trough (F ig .  1 .4 )  in  the 

north, and which was the main s i t e  o f Numidian Flysch deposition  (F ig .  

8 .1 ;  and Mascle, 1970; Broquet, 1970).

I t  is  in fe r re d  (Section 3 .5 )  th a t  the Numidian Flysch in  S ic i ly  

was derived  from the west or southwest, passing through the western 

parts o f  the C as te lve tran o  Basin in to  the Imerese Trough. This agrees 

with W ezel's  (1970, 1975a & b) conclusions from pétrographie  studies  

(Section 3 .5 )  th a t  the sands o f  the Numidian Flysch have t h e i r  source 

in the c o n tin e n ta l  sands o f  the Saharan P la tfo rm . The C astelvetrano  

Basin th e re fo re  opened in  a w este r ly  d i r e c t io n ,  jo in in g  the Imerese 

Trough in  the west (F ig .  8 . 1 ) .

The C a l ta n is e t ta  Basin was, in  c o n tra s t ,  surrounded on (almost) 

a l l  sides by h igher areas . To the west and north were the Western 

S ic i ly  Bridge and Trapani Carbonate P la tfo rm  r e s p e c t iv e ly ,  w h ils t  to  

the e as t and south the basin was bordered by s h e l f  carbonates evidenced 

by the Upper Oligocene -  Lower Miocene limestones o f  southeast S ic i l y  

(Section 7 .2 .2 ;  Pedley, 1981) and the M altese is lan d s  (Section 7 .2 .3  and 

references c ite d  t h e r e in ) .  In southeast S i c i l y ,  Pedley (1981) describes  

the d is t r ib u t io n  o f Upper Oligocene -  Miocene carbonate fa c ie s  and d e t 

a i l s  the general th icken in g  o f the Upper Oligocene -  Lower Miocene suc

cession in  a westward d i r e c t io n  from Siracusa to  Ragusa. This th icken 

ing is  accompanied by an in fe r re d  deepening o f the sedimentary environ

ments from east to  west from water depths shallow er than 50 m to depths 

greater than 100 m. In  the Maltese is lands  Bennett (1980) describes the 

sedimentary environments o f carbonate s h e l f  fa c ie s  deepening in  a north

e r ly  d i r e c t io n  in  Upper Oligocene -  Lower Miocene times w ith  water depths 

varying from 10 m to 300 m.

The palaeogeography o f  the c e n tra l  Mediterranean area in  Upper 

Oligocene -  Lower Miocene times is  th e re fo re  composed o f a s h e lf  in the 

south, (extending as f a r  north as the Sciacca area in  southwest S ic i ly  

and the S iracusa area in  southeast S i c i l y )  passing northwards in to  the
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centra l and western S i c i l y  basins separated by the p o s i t iv e  axis o f the 

Western S i c i l y  Bridge, and s t i l l  northwards in to  the east-w est trending  

Trapani Carbonate P la tfo rm  and Imerese Trough (F ig .  8 . 1 ) .  This d is 

t r ib u t io n  o f palaeogeographic u n its  agrees w ith  th a t  in fe r re d  fo r  the 

Tunisian T e r t ia r y  by B u ro l le t  (1 9 6 7 ) ,  who recognises a s h e lf  in  the 

south and a f ly s c h  trough in  the north w ith  a zone of basins between.

8 .4 .3  Facies D is t r ib u t io n  and Palaeoenvironments

The Upper Oligocene r h o d o l i th ic  a lg a l  limestones and fo ra m in i f 

eral limestones described in  Chapter 2 form a l im ite d  occurrence of 

fac ies  which are  widespread in  western Tethys in  Upper Oligocene -  

Lower Miocene tim es. (There i s ,  f o r  example, c lose comparison between 

these limestones and those found in  southeast S i c i l y  and the Maltese  

is lands -  my o b s e rv a t io n s ) .  The Lower Miocene g la u c o n i t ic  sandy lim e

stones described in  Chapter 3 are a lso  known from elsewhere in  the 

Mediterranean a rea . These f a c ie s , where they occur, may represent sim

i l a r ,  i f  not the same, environments as those o u tl in e d  fo r  southwest 

S ic i ly  in  Section 8 .2  which a re ,  f o r  the a lg a l  and fo ra m in i fe ra l  l im e

stones, s h e l f  limestones accumulating in  cool oxygenated waters of  

normal marine s a l i n i t y  in  depths o f  80-250 m in  a t ro p ic a l -s u b tro p ic a l  

la t i tu d e ;  and, f o r  the g la u c o n it ic  sandy lim estones, outer s h e l f  dep

osits  accumulating in  m oderately  tu r b u le n t ,  normal s a l in e ,  cool waters 

around the oxygen minimum zone w ith  slow sedim entation ra tes  in the 

deeper p a r t  o f the 80-250 m depth range.

In southeast S i c i l y ,  limestones o f  the Siracusa Limestone (Lower 

Miocene (A q u itan ian ) Pedley, 1981) were examined in  the la rg e  working 

quarry a t  San Cusumano (16 km northwest along the coast from S iracusa).  

The lim estones, which are massive and show no w ell de fined  beds, con

ta in  abundant a lg a l  rh o d o li th s  in  a benthonic fo r a m in i fe r a l  limestone  

matrix and have a common macrofauna o f  a s in g le  la rg e  species of 

Clypeaster. T h e ir  s im i l a r i t y  w ith  the southwest S i c i l y  limestones is  

also shown by t h e i r  a lg a l  ass o c ia t io n  which is  dominated by Litho

thamnium and Mesophyllum and by t h e i r  benthonic fo ra m in i fe ra l  content 

v^ich includes common Ltephvolepidina, Spivoclypeus and Amphistegina 
along w ith  lo c a l abundances of Eulepidina. These limestones form a max

imum thickness of 20 m in  southeast S i c i l y  and they extend over a
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r e s t r ic te d  geographic area (Pedley , 1981) in  comparison to  the age equ i

v a le n t  benthonic fo r a m in i fe r a l  gra instones and packstones o f  the Irm in io  

Member o f  the Ragusa Formation which outcrop e x te n s iv e ly  in  southeast 

S ic i ly  (Pedley , 1981) and which reach a maximum thickness of 130 m.

These l im estones , which are g e n e ra l ly  well bedded ( in  0 .20  -  1 .5  m beds), 

v/ere examined a t  Oonnalucata (on the south coast) and in  the extensive  

outcrops around the town of Ragusa. Macrofauna is  represented by sparse 

small echinoids and microfauna by common to  abundant M iogypsina  along 

with N ephro lep id ina^  A m phis teg ina  and S p iro o lyp e u s ;  T ha lass ino ides  bur

rows are lo c a l l y  common. Despite  t h e i r  s l ig h t  age d is p a r i ty  the south

east S i c i l y  limestones are s im i la r  in  l i t h o lo g y ,  macrofauna, microfauna 

and fa c ie s  d is t r ib u t io n  pa tte rn s  (th e  r h o d o l i th ic  fa c ie s  is  subordinate  

in th ickness and e x te n t )  to  the Upper Oligocene limestones of southwest 

S ic i ly  and th e re fo re  i t  is  l i k e l y  th a t  they represent s im i la r  s h e l f  en

vironments s i tu a te d  on the southeast side o f the C entra l S ic i l y  Basin.

On the M altese  is lands  the limestones o f  the Upper Oligocene Lower 

C o ra l l in e  Limestone Formation are s im i la r  in  appearance to the southwest 

S ic i ly  lim estones. They are f u l l y  described by Bennett (1980) and main 

fea tu res  summarised by Bosence e t  a l .  (1 9 81 ) .  Bennett (1980) recognises 

four members in  the fo rm ation  of which the middle two, the A ttard  and 

Xlendi members, bear the c lo s e s t  comparison with the southwest S ic i l y  

succession. The A tta rd  Member is  dominantly a r h o d o l i th ic  a lg a l  l im e

stone w ith  the a lg a l  a ss o c ia t io n  again dominated by L ith o th a rm iw v  and 

Mesophyllum  and co n ta in in g  fo u r  species [Mesophyllum  c f .  vaug han ii, 

A rohaeo litho tha rm ium  saiponense^ L ith o p o r e l la  c f .  m elobesio ides  

M elobesia  c f .  oubo ides) a ls o  recognised in  southwest S i c i l y  (Section

4 .1 . 2 ) .  The Xlendi Member is  composed o f gra instones w ith  c la s ts  p re 

dominantly o f  fo ra m in i fe ra  represented by N ephro lep id ina^ Amphistegina^ 

Spivoolypeus  and H etevos teg ina . Macrofauna is  sparse and represented by 

i r r e g u la r  ech in o id s . This M altese succession, however, d i f f e r s  from 

both the southwest S i c i l y  and southeast S i c i l y  successions in  containing  

features  which suggest d ep o s it io n  in  much shallow er w ater. For example, 

the A tta rd  Member conta ins cora ls  present in  concentra tions  forming 

small patch re e fs  (P ed ley , 1978) and the Xlendi Member is  ex tens ive ly  

cross bedded, in te rp re te d  as an o ffshore  bar by Bennett (1980). Also, 

the Maghlak Member (which u n d er l ies  the A tta rd  Member) is  dominated by a
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m i l i o l i d  f o r a m in i fe r a  fauna probably representing  r e s t r i c t e d  marine con

d i t ions  (Haynes, 1981) and in t e r p r e t e d  as a very  shal low water deposit  

by Bennett (1 980 ) .  The Mal tese  Upper Oligocene l imestones,  although 

s im i la r  to the S i c i l i a n  l imestones discussed above, have basic d i f f e r 

ences and are th e re fo re  in t e r p r e t e d  as much shal lower  water deposits.

In North A f r i c a ,  as a background to the d e s c r ip t io n  of  the echin

oid macrofauna.  Rose (1966,  1974) describes rh o d o l i th  and fo ra m in i fe ra l  

l imestones from the Upper Oligocene of  Libya.  Macroscopica l ly ,  the 

l imestones are s i m i l a r ,  they contain common f o r a m in i f e r a l  elements 

{Nephrolepidina, Eulepidina^ Amphistegina, Spiroolypeus, Heterostegina and 
Operoulina; see a lso  Lehmann et al., 1967),  and, according to Rose (pers.  

comm. 1 98 0 -83 ) ,  the Echinolampas and Clypeaster spp. found in the Upper 

Oligocene of  southwest S i c i l y  belong to morpholog ica l ly  s im i l a r  species 

groups as those found in  the Libyan Upper Oligocene.  In Tun is ia ,  g lauc

o n i t ic  sandstones,  very  s i m i l a r  p e t r o g r a p h ic a l ly  (Wezel , 1970) to those 

described from southwest S i c i l y ,  are  recorded from the Lower Miocene 

where they are  in t e r p r e t e d  as outer  s h e l f  deposits  (Wezel , 1970, B u ro l le t  

et al. , 1978).

In Europe, r h o d o l i t h  l imestones have been described from the 

Upper Oligocene o f  I t a l y  by A i r o ld i  (1933) and Afchain (1966) ,  and one 

of the a lg a l  species described by A i r o l d i  has been i d e n t i f i e d  from the 

Upper Oligocene o f  southwest S i c i l y .  F o ra m in i fe ra l  l imestones with sim

i l a r  elements to  those described from southwest S i c i l y  have been descr

ibed from the Upper Oligocene of northern I t a l y  by C i ta  (1965) and 

Pieroni (1965) and from the Upper Oligocene and Lower Miocene of  southern 

Spain by Coppel & G u i l l e n  (1965) and Vera (1 969 ) .  Lower Miocene glauc

o n i t ic  sandy l imestones are described from northern I t a l y  where they rest  

on Lepidocycl ine l imestones o f  Upper Oligocene age ( C i t a ,  1965) and from 

borehole data in  the Gul f  o f  Leon (of  southern France) B u ro l le t  & Dufaure 

(1972) record t ra nsgres s ive  g la u c o n i t ic  l imestones re s t in g  on Palaeozoic  

rocks.

On a wider Tethyan s c a le ,  f o r a m in i f e r a l  l imestones with common 

fo ra m in i fe ra l  elements to  those described from southwest S i c i l y ,  some

times assoc iated with a lg a l  m a t e r i a l ,  have been described from the Upper
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Oligocene and Lower Miocene of  A u s t r a l ia  (Chaproniere ,  1975) and Somalia 

(A zza ro l i ,  1958) and from the Upper Oligocene of  the west P a c i f i c  

(Premoli S i lv a  & Brusa, 1981).  S im i la r  a lg a l  rh o d o l i th  and fo ra m in i 

fe ra l  l imestones are a lso  known from the Upper Oligocene and Lower 

Miocene of  the Caribbean area (Poddubiuk, pers.  comm. 1982),  where t h e i r  

echinoid macrofauna is  also very  s im i l a r  to t h a t  found in  southwest 

S ic i l y  (Rose, pers.  comm. 1982).

In conclus ion,  i t  has been shown t h a t  Upper Oligocene -  Lower 

Miocene s h e l f  carbonates o f  the types described from southwest S i c i l y  are 

common in the Tethyan realm a t  th is  t ime and th e re fo re  the rocks described 

here are o f  more than loca l  i n t e r e s t  and should provide useful  information  

fo r  the i n t e r p r e t a t i o n  o f  these f a c ie s  elsewhere in  Tethys a t  the Oligo-  

Miocene t ime.
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APPENDIX I

TECHNIQUES

A. 1.1 Petro logy

In t o t a l  380 standard t h in  sections were prepared f o r  microscopic 

study: 250 from the Upper Oligocene l imestones and 100 from the Lower

Miocene g la u c o n i t i c  sandy l imestones of  southwest S i c i l y ,  plus 30 from 

the phosphorite ,  hardground and associated l imestones of  southeast  

S i c i l y .  A d d i t i o n a l l y ,  40 t h in  sections of  Maltese phosphorites prep

ared f o r  Bennett (1980) were a lso  used. A l l  t h in  sections are now 

preserved in  the Department o f  Geology, Bedford Col lege.  Microscopic 

studies were made using a Wild M5 stereomicroscope with r o ta t in g  p o la r 

ising stage (no.  368078) and mechanical stage (CP 383130),  since these 

provided e x c e l l e n t  optics  combined w i th  strong magni f ica t ion  and a wide 

f i e l d  of  view.

Some 80 a c e ta te  peels were taken from c u t ,  pol ished and etched 

specimens fo l lo w in g  the technique described by Allman & Lawrence (1973,  

p .290).  Peels were more e a s i l y  obtained from non-porous,  well-cemented  

rocks. Porous rocks formed poor peels because acetone "reservoirs"  

formed in t h e i r  pores and subsequently d issolved the aceta te  sheet used 

for  the p e e l .

Samples used to  make ace ta te  peels were stained f i r s t  to detect  

aragonite (using F e i g l ' s  s o l u t i o n ) ,  then to  de te c t  high Mg c a l c i t e  

(using A l i z a r i n  red S in  30% NaOH s o lu t io n )  a f t e r  the technique described 

by Friedman (1959) al though r e s u l t s  were negat ive .  A modif icat ion  of the 

technique described by Katz & Friedman (1965) was used to  t e s t  fo r  iron  

free c a l c i t e ,  fe r roan  c a l c i t e  and dolomite .  Surfaces to  be examined were 

f i r s t  pol ished w i th  400 then 600 grade carborundum powder. Stains were 

prepared as described by Katz & Friedman (19 65 ) .  Etching p r io r  to s t a in 

ing was var ied  from one minute ( f o r  wel l -cemented s t rong ly  indurated 

rocks) to 30 seconds ( f o r  poorly cemented porous rocks ) .  Specimens were 

stained f o r  th ree  minutes in  A l i z a r i n  red S and f i v e  to  s ix  minutes in
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potassium f e r r i c y a n id e  s o lu t io n .  A l i z a r i n  red S s o lu t ion  imparted a 

deep red to  c a l c i t e ,  whi le  dolomite  (when present)  remained unstained.  

Potassium f e r r i c y a n id e  s o lu t io n  imparted a blue colour  to  ferroan  

c a l c i t e  ( the  deepness of colour  being dependent on the amount o f  f e r 

rous i ron  present )  w h i l s t  i ron  f r e e  c a l c i t e  did not s t a in .

Photomicrographs were taken a t  magni f ica t ions  of 1 2 . 5x, 32x and 

125x. Subsequent p r i n t i n g  a t  120 mm x 80 mm involved a f u r t h e r  3 .3 -  

fold increase in  m a g n i f ic a t io n ,  r e s u l t i n g  in  t o t a l  magnif icat ions  of

41x, 105x and 410x r e s p e c t i v e ly .  A l l  photomicrographs were taken on

a Zeiss photomicroscope I I I  which incorporates  an automatic exposure 

meter. I l f o r d  FP4 (ASA 125) and Kodak Panatomic X (ASA 32) monochrome 

were used. A green f i l t e r  was used where i t  was necessary to subdue 

di f fe rences  in  c o n t ra s t  ( e .g .  the ju x t a p o s i t io n  of  c le a r  c a l c i t e  cement 

and dense,  dark a lg a l  m a t e r i a l ) .  The co lour  photomicrographs presented 

here were p r in te d  from colour  s l id e s  taken on Ektachrome 50 professional  

f i lm  (ASA 50) a t  the same m agn i f ica t ions  w i th  only a s l i g h t l y  la rger  

pr in t in g  s i z e .

A. 1.2 Powder Sample Preparation

Phosphorite and l imestone samples were prepared f o r  mineral  and 

geochemifcal ana lys is  using the fo l lo w in g  procedure:

1) Sediment adhering to  phosphorite c la s ts  was removed using a

wire brush. Samples were then washed in  d i s t i l l e d  water and l e f t  to dry.

2) Large phosphatic c la s ts  were broken using a hammer. The 

fragments and sm al le r  c la s ts  were reduced in s iz e  to  5-10 mm in a jaw 

crusher.  At t h i s  p o in t ,  in  some samples, outer  coatings of  phosphatic 

clasts were separated from the i n t e r i o r s  f o r  prepara t ion  fo r  separate  

geochemical a n a ly s is .

3) Fragments were reduced to  t a l c  in  a tungsten carbide tema, 

operated f o r  periods up to  f i v e  minutes.  This powder was then stored in 

labe l led  glass j a r s .  (Previous to  steps 2 and 3 care was always taken 

to ensure t h a t  the apparatus was proper ly  cleaned a f t e r  the previous 

specimen and e s p e c ia l l y  previous to  the f i r s t  sample of  a crushing 

p e r io d ) .
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A .1.3  X-Ray D i f f r a c t i o n  Analysis

Graphs of  d i f f r a c t i o n  pat terns  of  powder samples were obtained 

using a P h i l l i p s  1010 d i f f r a c t o m e t e r ,  housed a t  Bedford College.  The 

technique is  standard.  The r e s u l t a n t  graphs were compared with stan

dard re fe rence  data recorded in  a powder d i f f r a c t i o n  f i l e  f o r  minerals 

(Berry,  1974),  a f t e r  f i r s t  convert ing the 2e angles in to  d ( 8 ) spacings 

using the tab les  of  Fang & Bloss (1966) f o r  Cu K°: r a d ia t i o n .  A l l  phos

phorite  samples had d i f f r a c t i o n  pat terns  t y p ic a l  of  c a rb o n a te - f lu o r -  

ap at i te  (data  given in  Table A2 .2 )  w i th  vary ing q u a n t i t i e s  of  c a lc i t e  

present. S l i g h t  d i f f e re n c e s  in  peak pos i t ions  were i n te r p r e t e d ,  f o l 

lowing Smith & Lehr (1 9 6 6 ) ,  as changes in  c e l l  parameters caused by 

ionic s u b s t i t u t io n s .

A .1.4 In d u c t iv e ly  Coupled Plasma Spectrometry

In d u c t iv e ly  coupled plasma ( ICP) spectrometry and associated

sample p repara t ion  were c a r r i e d  out in  the Geology Department of  King's 

College,  U n iv e r s i t y  o f  London, under the supervis ion of  Dr J.N.  Walsh. 

Analysis was made f o r  major ,  t ra c e  and Rare Earth Elements. The ap

paratus and the a n a l y t i c a l  process are  described by Walsh & Howie 

(1980).

a)  Major and Trace Elements

Solutions f o r  the combined ana ly s is  of  major and trace  

elements were prepared using the technique described by Walsh & Howie 

(1980) f o r  the p re para t ion  of  so lu t ions  f o r  major element analys is .  

Further prepara t ion  of  so lu t ions  s p e c i f i c a l l y  f o r  t race  element analysis  

as described by Walsh & Howie (1980) was not adopted.  The process is  

designed to remove s i l i c o n  from s i l i c a t e  rocks so as to  concentrate the

other major and t ra c e  elements,  but since s i l i c o n  is  present in only

small abundances (< 1 - 4 %) in  the l imestones and phosphorites analysed 

here, th is  concentra t ion  process was deemed unnecessary.

Analysis f o r  major ( S i ,  A l ,  Fe ,  Mg, Ca, Na, K, T i ,  P and Mn) and 

trace elements (Sc, V, N i ,  Cu, Sr ,  Y, Zr  and Ba) was c a r r ie d  out on the 

ICP spectrometer in the manner described by Walsh & Howie (1980).  Anal

ysis was a lso  made f o r  the t rac e  elements L i ,  Zn, Pb, Cr and Co but the 

results  were d isregarded: Li because o f  contamination by LiBÛ2 used as
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a f l u x  in sample p re p ara t io n ;  Zn and Pb because o f  spectra l  in te r fe rence  

of other elements on t h e i r  de tect ion  spectra ;  and Cr and Co because of  

incons is ten t  r e s u l ts  which may r e f l e c t  t h e i r  very low values in phos

phorites and l imestones,  and which,  in  the case o f  Cr,  may be l inked  

with the very high values o f  Ca in the samples causing in te r fe renc e  on 

the Cr spectrum which is  c lose  to one of  those o f  Ca (Walsh, pers.  comm. 

1981).

Standard rock samples, used to  construct  c a l i b r a t i o n  curves from 

which to  est imate  the element oxide and t rac e  element composition of  

each sample, comprised fo u r  known standard rocks (Table A . 2 .4 )  and three  

spiked standards.  Spiked standards were made by mixing c ontro l led  quan

t i t i e s  o f  the known standards toge ther  ( in  the proport ions 120B/1C, 1:1;  

120B/1C, 1 :4 ;  KC11/120B, 1 :1 )  thus forming a stepped increase in element 

concentra t ion .  Four so lu t ions  o f  each standard (known and spiked) were 

prepared and then analysed along w i th  four  blank so lut ions  which were 

prepared in  the same manner as se t  out above, but the rock powder was not 

added to the LiB02  f l u x .  The i r  analyses th e r e fo r e  represent the "back

ground" counts f o r  each element oxide and t ra c e  element.  One so lut ion  

from each standard and from the blanks which showed consistent in te n s i t y  

counts w i th  the others was then chosen to  be analysed together  with the 

samples. In a d d i t i o n ,  a f u r t h e r  ten known standards (Table A 2 .5 ) ,  pre

viously prepared by the tec hn ica l  s t a f f  a t  King's Co l lege,  were analysed 

to provide more data points  to  construct  c a l i b r a t i o n  curves f o r  the 

trace elements (not l i s t e d  in  the 120B and IC standard rocks ) .  A l l  

these standards were run a f t e r  every s ix th  sample to keep a close check 

on machine d r i f t .

Results from the ICP were given as i n t e n s i t y  counts.  These were 

then corrected  f o r  machine d r i f t  and background specimen counts (blanks)  

before conver t ing  them in to  percentages or ppm using the gradients from 

the c a l i b r a t i o n  curves.

b) Rare Earth Elements

Solutions f o r  Rare Earth Element (REE) analys is  were prepared 

wholly in  the manner described by Walsh e t  a l .  ( 1981 ) .  The technique 

takes fo u r  days f o r  any one sample to  be processed from s t a r t  to f i n i s h .  

However, the apparatus se t  up a t  King's Col lege  allows a batch of  f i v e
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samples to  be processed to ge ther .  Throughout the process,  care should 

always be taken to  wash the sample conta iners  i n t o  the next container  

required in  the process to  avoid any loss o f  REE.

The ICP computerised system is  f u l l y  c a l ib r a t e d  f o r  qua n t i t ie s  

of REEs l i k e l y  to  be found in  phosphor ites.  I n t e n s i t i e s  are auto

m a t ic a l ly  fed i n t o  a computer programme and the p r in t o u t  is given in 

ppm element w i th in  two minutes o f  running a sample. Three standards 

(Table 4 .1 1 )  and two blanks were run along wi th  the phosphorites from 

the c e n t ra l  Medi te rranean.  The standards a l low  comparison o f  the re s 

ults  on the ICP w i th  the same standards and th e r e fo r e  o ther  rocks e ls e 

where using d i f f e r e n t  or the same techniques.  The blanks al low sub

t r a c t io n  o f  any "background" abundances of  REE, incorporated in the 

process. A composite standard,  a lready  prepared a t  King's Col lege,  was 

also run every s ix t h  sample to  monitor machine d r i f t .  The p r in to u t  was 

then corrected f o r  background and d r i f t  to  obta in  the t rue  REE values.

The norm al isa t ion  o f  absolute  concentrat ions of  REEs in  the phos

phor i tes ,  l imestones and standard rocks to  chondr i te  and in some cases 

average sediment,  southwest S i c i l y  l imestone and mean Maltese phosphorite  

fo l low the p r in c ip le s  discussed by Haskin e t  a l .  (1 9 6 6 ) .  The values of  

these REEs concentrat ions and the sources o f  the data are given in  

Table A . 2 .3 .
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APPENDIX I I  

ADDITIONAL TABLES
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Sample
No. L o c a l i t y

S t r a t i  - 
graphic  
horizon XRD/REE Description

RTA 7A N ( l ) UO XRD+REE Phosphatised clast :  outer coating

RTA 7B N ( l ) UO XRD+REE Phosphatised whole c last

RTA 7C N ( l ) UO XRD Phosphatised whole c last

RTA 70 N ( l ) UO - Phosphatised whole c last

RTA l lA N ( l ) UO. XRD Phosphatised whole clast

RTA I IB N ( l ) UO XRD+REE 3 (20-30 mm s ize )  phosphatised whole clasts

RTA ISA N ( l ) UO XRD+REE Phosphatised whole c last

RTA 13B N ( l ) UO XRD+REE Phosphatised clast:  outer coating

RTA 13C N ( l ) UO XRD+REE Phosphatised c last:  in te r io r

RTB 19A N(2) UO XRD+REE Phosphatised c last:  outer coating

RTB 19B N(2) UO XRD+REE Phosphatised c last:  i n te r io r

11.4 N(3) UO - Phosphatised whole c las t

6.3 N ( l ) UO - Phosphatised whole c las t

2.9A Po UO - Phosphatised whole c las t

45M SB UO - Phosphatised whole c las t

3 6 . lA C UO - Phosphatised s i l t y  limestone clast

3 6 . IB C UO - 5 large (10  mm) fragments of f ish teeth

97 .2A MG UO - Phosphatised whole c las t

119M Pa UO - Phosphatised whole c las t

JTA 3 N ( l ) T - Chalk (unconformity surface)

JTA 5A N ( l ) T REE Chalk (30 cm below unconformity surface)

JTB 5 N(2) UO _ Foramini fe r a l  limestone: burrow i n f i l l

RTB 12 N(2) UO - Rhodol i th ic  algal  foramini fera l  limestone

RTB 18 N(2) UO REE Foramini fe r a l  limestone: burrow i n f i l l

RTB 20 N(2) UO -
Rhodoli th ic  algal  foramini fera l  limestone

RTC 2 N(2) UO - Rhodol i th ic  algal  foraminifera l  limestone
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Sample
No. L o c a l i ty

S t r a t i  -  
graphic  
horizon XRD/REE Description

187.2 D ( l ) LM XRD+REE Phosphatised hardground

187.3 D ( l ) LM XRD+REE Phosphatised c la s t

187.5 D ( l ) LM XRD+REE Phosphatised hardground

187.15 D ( l ) LM XRD+REE Phosphatised c la s t

188 M M LM - 6 small (<10  mm) phosphatised clasts

191 M MR LM - 9 small (<10 mm) phosphatised clasts

192.BA CS LM - 4 small (10-25 tm) phosphatised clasts

193.28 0 ( 2 ) LM XRD Phosphatised hardground

m NG LM(Cl) XRD+REE Phosphatised c las t

M2 NG LM(Cl) - Phosphatised c la s t

M3 NG LM(Hg) REE Phosphatised hardground

M4 NG LM(C2) XRD Phosphatised c la s t

M5 NG LM(C2) - Phosphatised c las t

M6 NG LM(C2) - Phosphatised c la s t

M7 NG LM(C2) - Phosphatised c la s t

M8 Dw LM(Cl) - Phosphatised c la s t

M9 Dw LM(Cl) - Phosphatised c la s t

MIO Dw LM(Cl) - Phosphatised c la s t

Mil Q LM(Cl) XRD+REE Phosphatised c la s t

Ml 2 Q LM(Hg) XRD+REE Phosphatised hardground

M13 Q LM(Cl) - Phosphatised echinoid

Ml 4 Q LM(C2) XRD+REE Phosphatised c la s t

M15 Q LM(C2) - Phosphatised c la s t

M16 Q UO(Hg) - Lower Cora l l ine  Limestone hardground (L.C.L.H)

M17 Q ?U0 - Clast from overlying conglomerate of L.C.L.H.

MIS Q ?U0 Clast from overlying conglomerate of  L.C.L.H.
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0
TABLE A2.2 Values f o r  d-spacing (d (A))  and peak in tens i ty

( I / I o )  obtained by XRD analysis o f  twenty samples. 
See TABLE A2.1 f o r  d e ta i l s  of  sources of  samples.
No data are given f o r  crysta l  face 210 since this  
was obscured by the c a l c i t e  100 peak at  3.035.
No in t e n s i t i e s  are given f o r  the 212, 312, 322 and 
313 crys ta l  faces,  since the peak sizes represented 
the combined i n t e n s i t ie s  o f  f r a n c o l i t e  and c a lc i te  
a t  the respective d-spacings.
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RTA 7A RTA 7B RTA 70 RTA l lA

0 0 0 0
hkl d(A) I / I o d(A) I / I o d(A) I / I o d(A) I / I o

100 8 . 1 0 2 4 8 .117 7 8.117 7 8.109 6

200 4.049 6 4 .049 6 4.046 7 4.049 7

111 3.858 6 3.863 7 3.862 6 3.873 6

002 3.439 38 3.440 42 3.440 40 3.437 34

102 3.159 16 3.165 15 3.173 16 3.171 14

210 - - - - - - - -

211 2.793 100 2.789 100 2.782 100 2.785 100

112 2.773 53 2.767 56 2.776 55 2.770 49

300 2.689 48 2.684 52 2.683 51 2.694 47

202 2.620 27 2.622 31 2.615 30 2.616 26

301 2.501 6 2.505 8 2.508 9 2.510 7

212 2.284 - 2 .280 - 2.279 - 2.283 -

310 2.233 21 2.237 23 2.239 23 2.234 25

221 2.207 4 2.204 6 2 . 2 1 2 6 2.209 6

311 - - - - - - - -

302 2 . 1 2 2 5 2.127 6 2.123 6 2.127 8

113 2.058 7 2.056 8 2.061 8 2.056 6

400 - - - - - - - -

203 1.997 6 1.993 5 1.996 6 1.997 7

222 1.929 25 1.931 26 1.926 27 1.926 29

312 1.873 - 1 .878 - 1 .880 - 1.872 -

320 1.852 6 1.854 6 1.852 7 1.859 5

213 1.833 30 1.833 31 1.834 29 1.836 30

321 1.785 13 1.786 12 1.789 12 1.786 11

410 1.758 12 1.762 12 1.762 12 1.759 14

402 1.742 12 1.741 12 1.741 14 1.740 12

004 1.722 12 1.721 14 1.724 13 1.723 16

322 1.628 - 1.628 - 1.629 - 1.627 -

313 1.600 1.602 - 1.602 - 1.600 -
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RTA I I B RTA 13A RTA 13B RTA 13C

hkl
0

d(A) I / I o d(A) I / I o d(A) I / I o
0

d(A) I / I o

100 8.117 6 8.117 5 8 . 1 0 2 8 8.109 9
200 4.046 5 4.049 5 4.049 7 4.047 8

111 3.058 5 3.858 4 3.867 8 3.862 8

002 3.437 43 3.437 37 3.440 36 3.439 41

102 3.169 17 3.162 14 3.169 13 3.159 15

210 - - - - - - - -

211 2.782 100 2.781 100 2.793 100 2.789 100

112 2.767 56 2.776 53 2.770 52 2.769 58

300 2.679 52 2.683 50 2.693 48 2.685 55

202 2.617 29 2.614 28 2.622 26 2.619 33

301 2.503 6 2.491 6 2.510 7 2.505 10

212 2.284 - 2.279 - 2.284 - 2.283 -

310 2.235 23 2.233 24 2.244 25 2.241 26

221 2.207 5 2.204 5 2.215 6 2.207 6

311 - - - - - - - -

302 2.124 6 2 .1 2 2 7 2.127 7 2.127 7

113 2.061 7 2.056 8 2.056 9 2.058 8

400 - - - - - - - -

203 1.998 5 1.994 6 1.995 7 1.998 7

222 1.931 27 1.926 28 1.929 28 1.926 28

312 1.872 - 1.870 - 1.880 - 1.877 -

320 1.851 7 1.850 6 1.852 6 1.859 4

213 1.834 28 1.833 32 1.836 31 1.834 30

321 1.789 12 1.784 12 1.784 13 1.786 14

410 1.758 11 1.759 11 1.758 12 1.761 12

402 1.738 12 1.739 11 1.741 12 1.741 13

004 1.721 15 1.724 15 1.722 14 1.724 16

322 1.626 1.631 - 1.627 - 1.628

313 1.600 _ 1.600 - 1.601 - 1.604
‘
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RTB 19A RTB 19B 187,.2 187.,3

0
d(A) I / I o

0
d(A) I / I o

0
d(A) I / I o

0
d(A) I / I o

8.117 9 8 . 1 0 2 8 8.109 7 8.109 7

4.049 9 4.046 8 4.049 7 4.049 7

3.860 7 3.860 6 3.868 6 3.870 6

3.439 39 3.439 41 3.437 40 3.439 38

3.161 15 3.166 16 3.170 17 3.164 15

- - - - - - - -

2.782 100 2.793 100 2.789 100 2.788 100

2.771 52 2.775 54 2.767 55 2.776 53

2.680 48 2.683 50 2.673 50 2.677 49

2.619 28 2.620 29 2.617 27 2.618 26

2.510 7 2.505 7 2.503 6 2.507 6

2.281 - 2.279 - 2.281 - 2.284 -

2.238 22 2.244 23 2.241 20 2.239 21

2 . 2 1 2 4 2.215 5 2.204 4 2.209 5

2 . 1 2 2 4 2.125 5 2.123 6 2.127 6

2.061 7 2.058 8 2.063 8 2.056 8

1.997 4 1.993 5 1.995 6 1.998 4

1.926 23 1.929 28 1.931 28 1.927 29

1.880 - 1.873 - 1.877 - 1.880 -

1.850 6 1.850 6 1.853 7 1.852 4

1.833 29 1.834 29 1.834 30 1.836 30

1.789 11 1.784 12 1.786 12 1.785 11

1.761 13 1.758 14 1.758 13 1.760 12

1.738 12 1.738 14 1.740 12 1.738 12

1.723 15 1.724 15 1.721 15 1.721 14

1.626 1.627 - 1.628 - 1.626 -

1.601 1.604 - 1.600 - 1.600 -
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187 .5 187. 15 193 .25 Ml
0 0 0 0

hkl d(A) I / I o d(A) I / I o d{A) I / I o d(A) I / I o

100 8.109 6 8 . 1 0 2 7 8.117 7 8.109 7

200 4.046 6 4.046 8 4.046 7 4.049 7

111 3.858 8 3.873 6 3.870 9 3.865 9

002 3.440 45 3.440 43 3.439 41 3.439 35

102 3.163 16 3.170 15 3.172 16 3.159 13

210 - - - - - - - -

211 2.785 100 2.788 100 2.793 100 2.780 100

112 2 .769 56 2.776 55 2.776 54 2.767 50

300 2.683 50 2.689 50 2.679 49 2.683 47

202 2.622 30 2.621 31 2.615 29 2.614 28

301 2.503 8 2.501 8 2.507 6 2.501 6

212 2 .279 - 2.281 - 2.284 - 2.279 -

310 2.238 24 2.238 24 2.233 23 2.233 22

221 2.209 6 2.204 6 2 .2 1 2 5 2.21 2 4

311 - - - - - - - -

302 2 . 1 2 2 6 2.127 6 2.124 6 2.123 4

113 2.063 7 2.058 7 2.056 6 2.058 5

400 - - - - - - - •

203 1.993 5 1.994 6 1.998 6 1.993 5

222 1.931 28 1.931 28 1.931 26 1.929 24

312 1.870 - 1.873 - 1.872 - 1.872 -

320 1.850 6 1.851 7 1.856 7 1.859 5

213 1.833 33 1.836 31 1.834 30 1.833 30

321 1.784 10 1.787 13 1.785 12 1.785 12

410 1.758 12 1.762 12 1.759 12 1.758 12

402 1.739 13 1.742 12 1.740 12 1.738 12

004 1.721 13 1.722 14 1.724 16 1.721 15

322 1.626 _ 1.626 - 1.627 - 1.629

313 1.600 _ 1.603 - 1.601 - 1.602
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M4 Mil Ml 2 Ml 4

0
d(A) I / I o

0
d(A) I / I o

0
d(A) I / I o

0
d(A) I / I o

8.117 6 8.117 4 8 .1 0 2 8 8.109 5

4.049 7 4.046 5 4.049 7 4.047 6

3.873 8 3.858 6 3.865 7 3.870 6

3.440 39 3.439 36 3.437 44 3.440 43

3.159 16 3.160 14 3.172 17 3.164 16

- - - - - - - -

2.782 100 2.785 100 2.788 100 2.784 100

2.769 57 2.772 50 2.770 58 2.769 55

2.679 53 2.674 48 2.680 55 2.681 52

2.615 31 2.622 32 2.617 32 2.620 33

2.508 6 2.510 6 2.501 7 2.502 8

2.279 - 2.281 - 2.284 - 2.282 -

2.233 25 2.235 24 2.239 25 2.241 24

2.204 6 2 . 2 1 2 6 2.217 5 2.215 6

2.126 7 2 . 1 2 2 7 2.125 6 2.127 7

2.056 6 2.063 6 2.058 7 2.061 7

1.993 5 1.996 7 1.994 6 1.998 6

1.926 29 1.931 27 1.921 28 1.926 26

1.873 - 1.877 - 1.873 - 1.880 -

1.851 5 1.852 4 1.854 6 1.859 6

1.834 31 1.835 31 1.834 28 1.833 30

1.787 13 1.785 13 1.785 12 1.784 12

1.758 12 1.762 11 1.761 12 1.761 12

1.742 12 1.742 14 1.738 12 1.739 13

1.721 16 1.722 14 1.721 12 1.724 14

1.626 _ 1.627 - 1.626 - 1.628 -

1.602 1.601 - 1.600 - 1.604 -
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(a ) (b) (c) (d)

La .328 40 1 2 . 1 0 3.00

Ce .865 80 10.99 2.92

Nd .630 37 11.08 2.54

Sm .203 6.4 2 . 0 2 0.65

Eu .077 1.3 0.46 0.17

Gd .276 5.5 2.06 0.49

Dy .310 5.2 2.36 0.60

Ho .077 1.4 0.58 0.15

Er . 2 1 0 3.4 1.61 0.41

Yb .2 20 3.3 1.65 0.40

Lu .0339 0 . 6 0.27 0.07

Y 1.900 35 19.30 4.55

TABLE A2.3 Abundances ( in  ppm) of  Yttr ium and
REE used in normalisation procedures: 
(a )  chondrite (Bedford Col lege) ,  (b) 
average sediment (Herrmann, 1970),
(c)  mean Maltese phosphorite,  and (d) 
l imestone RTB 18.
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Sample

Element

120 B 1C KC 11 KC 13

^2^5 34.57 0.04 0.32 0 . 0 0

CaO 49.40 50.30 6 . 8 6 0 .21

SiOg 4.68 6.84 55.55 77.20

FezOg 1 . 1 0 0.55 8.71 1 . 6 8

A I 2 O3 1.06 1.30 16.51 11.60

MgO 0.28 0.42 3.99 0.01

Na 2O 0.35 0 . 0 2 3.30 3.78

KgO 0 . 1 2 0.28 2.15 4.78

TiOg 0.15 0.07 1 . 1 0 0.13

MnO 0.032 0.025 0.14 0 . 0 2

CdO 0 . 0 0 2 - -

COg 2.7 9 - - -

F 3.84 - - -

L . O . I . - 39.90 - -

Sc 45* - 24 <1

V 8 8 * - 210 <5

Ni 33* - 280 <5

Cu 3* - 108 2

Sr 716* 30 000 370 8

Zr 113* - 145 420

Ba 56* - 491 112

Y** 145* - 28 130

Table A . 2 .4  Published compositions of  four
standard rocks: two from United
States Geological Survey Bureau of  
Analysed samples (120 B, 1C) and 
two from King's College, London 
(KC 11, KC 13).
*  Abundances determined by th is  study 

* *  Not used fo r  c a l ib ra t io n
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Sample

Element

Sc

V

Ni

Cu

Sr

Zr

Ba

Y*

Sc

V

Ni

Cu

Sr

Zr

Ba

Y*

Table A . 2 . 5

W1 G2 GSP 1 AGV 1 PCC 1

35 4 7 13 7

264 35 53 125 30

76 5 13 19 2339

110 12 33 60 n

190 479 233 657 0.41

105 300 500 225 7

160 1870 1300 1208 1

25 12 30 21 -

DTS 1 BCR 1 NIM'D' NIM'G' NIM'P'

4 33 - - -

10 399 65 2 225

2269 16 2120 11 470

7 18 8 15 17

0.35 330 5 13 40

3 190 50 300 20

2 .4 675 20 179 56

- 37 - 100 <5

Trace element concentrations of  ten standard 
rocks determined by ICP a t  King's College,  
London, used in the construction of  c a l i 
b ra t ion  curves

*  Not used f o r  c a l ib ra t io n





UPPER OLIGOCENE LIMESTONES: FIELD VIEWS

Pla te  2.1 Western Nadorello (UB326 6 0 0 ) ,  v iew looking east, 
The l i g h t  grey Upper Oligocene l imestones in the 
foreground are deformed in t o  two an t i  forms and a 
synform. Both anti forms verge south,  having 
gently dipping northern limbs and v e r t i c a l - s u b -  
v e r t ic a l  southern l imbs. Minor southward th ru s t 
ing has occurred in the in te rm e d ia te  synform 
(see over lay ) .



UPPER OLIGOCENE LIMESTONES: FIELD VIEWS

P la te  2.1 Western Nadore l lo  (UB326 6 0 0 ) ,  view looking east,  
The l i g h t  grey Upper Oligocene l imestones in the  
foreground are deformed in t o  two an t i  forms and a 
synform. Both ant i forms verge south,  having 
gent ly  dipp ing northern limbs and v e r t i c a l - s u b 
v e r t i c a l  southern l imbs. Minor southward t h r u s t 
ing has occurred in  the in te rm ed ia te  synform 
(see o v e r la y ) .
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Pla te  2 .2  S c i a c c a - C a l t a b e l lo t t a  road,  2 km west o f
C a l t a b e l l o t t a  (UB408 6 0 4 ) ,  view looking east,  
Mesozoic l imestones form the massive outcrop  
of  Rocca San Cr isp ino  on the l e f t  ( n o r t h ) .  
These have been upthrusted southwards f o l d 
ing the Upper Oligocene l imestones as i n d i c 
ated on the o ver lay .





Pla te  2 .3  Nadore l lo  east measured s t r a t i g r a p h i e  s e c t io n ,  
quarry  a t  'B' in  Figure  2 .1 .  A s in g le  massive 
bed of r h o d o l i t h i c  a lg a l  l imestones (rhodo-  
l i t h s  appear as white  blobs) rests  w i th  sharp,  
apparent ly  n o n -e ro s io n a l , contact on wel l  bed
ded Upper Cretaceous cha lk .  Hammer is  260 mm 
long.





Pla te  2 .4  Nadore l lo  e a s t ,  view looking south (towards 'A'  
in F igure 2 . 1 ,  UB349 599 ) .  A s in g le  bed of  
massive Upper Oligocene grey r h o d o l i t h i c  a lga l  
l imestones,  up to  6 m t h i c k ,  rests  w i th  sharp,  
erosional  con tact  on Upper Cretaceous c h a lk .





Pla te  2 .5  Nadore l lo  e a s t ,  v iew of the unconformity a t  the 
p o in t  ind ica ted  in P la te  2 .4 .  The whi te  Upper 
Cretaceous chalk conta ins burrows of  Thalassinoides 
paradoxioa i n f i l l e d  w i th  grey-be ige  Upper Oligocene  
f o r a m i n i f e r a l  l imestones.  The ov er ly in g  Upper 
Oligocene basal conglomerate is  formed most ly o f  
l o c a l l y  der ived unbored chalks and p a r t l y  o f  bored 
phosphatised chalk c la s t s  (dark g rey-b lack  c o lo u r ) .  
The r u l e  is  150 mm long.

P la te  2 .6  Carboj a rea ,  view o f  the unconformity between the  
Upper Oligocene f o r a m i n i f e r a l  l imestones and white  
Eocene chalk  (UB277 6 5 0 ) .  The unconformity shows 
minor eros iona l  r e l i e f  and is  step f a u l t e d  with  
small downthrows to  the north ( r i g h t ) .  The Upper 
Oligocene has a poor ly  developed basal conglomerate  
composed o f  small (< 30 mm) c la s t s  of  unbored chalk  
and phosphatic chalk  (dark g rey-b lack  c o lo u r ) .  The 
lens cap is  55 mm d i a .
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Pla te  2 .7  San Biagio west measured s t r a t i g r a p h i e  s ec t ion .
A s in g le  massive bed of grey Upper Oligocene  
r h o d o l i t h i c  a lg a l  l imestones,  4 -6  m t h i c k ,  res ts  
with  erosional  unconformity on Upper Cretaceous 
chalk (bottom l e f t ) .
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Pla te  2 .8  San Biagio  west.  Close view of  the unconformity  
( in  P la te  2 .7 )  showing i t s  rugged r e l i e f  a t  th is  
l o c a l i t y .  Upper Cretaceous chalk  occupies the 
lower h a l f  o f  the photograph o v e r la in  by the  
Upper Oligocene basal conglomerate in  the upper 
h a l f .  The conglomerate is  composed of abundant 
unbored chalk c la s ts  and a s in g le  large  (140 mm 
long) bored phosphatised chalk c l a s t  (a rrowed) .  
The lens cap is  55 mm d i a .

P la te  2 .9  San Biagio west.  Close v iew of the Upper Oligocene 
basal conglomerate which is  composed mainly o f  
small angular  and subangular chalk  fragments and 
two bored phosphatised chalk c la s ts  ( top  l e f t  and 
r i g h t ) .  The lens cap is  55 mm d ia .





Plate  2 .10  Carboj Dam measured s t r a t i g r a p h i e  s e c t io n ,  view  
looking west.  L ig h t  grey Upper Oligocene f o r -  
amini f e r a l  l imestones on the r i g h t  (n o r th )  are  
downfaulted aga ins t  dark grey Mesozoic l im e 
stones on the l e f t  (s o u th ) .  Eocene chalks form 
minor exposures along the t rac k  passing through 
the centre  of  the view. The sect ion  was measured 
along the l i n e  i n d ic a t e d .





Pla te  2.11 La Conca measured s t r a t i g r a p h i e  s ec t io n .  A 
succession of f la g g y  bedded foramini  f e r a l  
l imestones measured along the l i n e  ind ica ted ,





Pla te  2 .12  Contrada Giovanni measured s t r a t i g r a p h i e  s e c t io n ,  
view looking north .  A la rge  is o la te d  outcrop of  
r h o d o l i t h i c  a lg a l  l imestones and f o r a m in i f e r a l  
l imestones with  the section  measured along the  
l i n e  in d ic a te d .  The town of Sambuca is  in the  
background.
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P la te  2.13 San Biagio east measured s t r a t i g r a p h i e  s e c t io n ,  
view looking nor theast .  L ig h t  grey Upper 
Oligocene f o r a m i n i f e r a l  l imestones form the  
upper crags on the l e f t  and r i g h t .  Eocene 
chalks form the outcrops in the c e n t r e .  The 
section  was measured along the l i n e  in d ic a te d .





Pla te  2 .1 4  Tombe Sicani  measured s t r a t i g r a p h i e  s e c t io n ,  view  
look ing northwest.  Massive Upper Oligocene a lg a l  
and f o r a m i n i f e r a l  l imestones with  a s u b -v e r t ic a l  
d ip  (c e n t re )  form the upper p a r t  o f  the measured 
s e c t io n .  The lower p a r t  of  the s e c t io n ,  which is  
poor ly  exposed, is  located in the sporadic o u t 
crops in the h i l l s i d e  to  the l e f t  o f  the row of  
houses.

P la te  2 .15  Abundant Leyidocyclina (Eulepidina) seen in  a lg a l  
packstones in  the upper p a r t  o f  the succession a t  
Nadore l lo  e a s t .  Small a lg a l  rh o d o l i th s  form the 
white areas in the photograph. The lens cap is  
55 mm d ia .





UPPER OLIGOCENE LIMESTONES: MICROFACIES OF THE
RHODOLITHIC ALGAL PACKSTONE-WACKESTONE FACIES

P la te  2 .16 Nadore l lo  eas t .  Compacted a lga l  f o r a m in i f e r a l  
packstone w i th  a s in g le  la rge  fragment o f  
Meso-phyllvm c f .  vaughanii ( l e f t  c e n t r e ) ,  o the r  
sca t te re d  fragments o f  algae and f o r a m in i fe ra  
(whole and fragmentary)  inc lud ing  Armphistegina 
( r i g h t  c e n t r e ) ,  Nephrolepidina ( l e f t  c e n t r e ,  
top )  SpiToclypeus (bottom cen t re )  and a f r a g 
ment o f  Hôterostêgi-na/Operoutïna (bottom l e f t ) .  
Scale 41 x

P la te  2 .17  Nadore l lo  ea s t .  Foram in i fe ra l  packstone showing 
poor s o r t in g  o f  gra ins  and abrasion and p a r t i a l  
rounding o f  Eulepidina (c en t re  and r i g h t  c e n t r e ) .  
Pore space is  p a r t l y  f i l l e d  w i th  deposi t iona l  
m a tr ix  and p a r t l y  w i th  2 periods o f  cement (P e r 
iods 3 and 4 ) .  Way up is  in d ic a te d  by mud s e t 
t l i n g  on the upper surfaces o f  g ra in s .  Scale 41 x

P la te  2 .18  Nadore l lo  e as t .  Foram in i fe ra l  packstone wi th  a 
l a rg e  Eulepidina ( l e f t )  and Spivoclypeus ( r i g h t  
c e n t r e ) .  The l a t t e r  forms an um b re l la ,  s h e l t e r 
ing the pore space beneath,  which has been i n 
f i l l e d  by two periods o f  cement (Periods 3 and 
4 ) .  Scale 41 x





P la te  2 .19  Nadore l lo  eas t .  Fora m in i fe ra l  packstone with  
almost a l l  pore space f i l l e d  w i th  depos i t iona l  
l ime mud. Foramin ife ra  are represented by
Amphïsteg'ina and ’HeteTOStegina/Opevou't'ina. 
Scale 105 x

P la te  2 .20  Nadore l lo  eas t .  Foram in i fe ra l  packstone w i th  
pore space p a r t i a l l y  f i l l e d  w i th  deposi t iona l  
m a tr ix .  The la rge  E u le p id in a  ( c e n t re )  acts  
as an umbrel la  s h e l t e r in g  the pore space below 
from m a tr ix  i n f i l l .  This pore space is  now 
i n f i l l e d  by two periods o f  cement (Periods 3 
and 4 ) .  Scale 41 x

P la te  2.21 Nadorel lo  e a s t .  Foram in i fe ra l  packstone w i th  
pore space p a r t i a l l y  f i l l e d  w i th  depos i t iona l  
m a tr ix .  The l a rg e  E u le p id in a  ( r i g h t )  s h e l te rs  
the under ly ing  pore space from m a t r ix  f i l l .  
This pore space is  now i n f i l l e d  w i th  2 periods  
o f  cement (Periods 3 and 4 ) .  (Way up is  to  
the  r i g h t  o f  the photograph).  Scale 41 x





P la te  2 .22  Nadorel lo  e as t .  Fo ra m in i fe ra l  g ra in sto ne .  For -  
ami n i f  era w i th  mud adhering to  t h e i r  surfaces  
are  re-worked from the packstone below. Pore 
space is f i l l e d  w i th  two periods of  cement 
(Periods 3 and 4 ) .  Foram in i fera  inc lude  
Eulepidina ( top l e f t ) ,  Amphistegina ( top c e n t r e ) ,  
Spiroolypeus and Rotalia (bottom c e n t r e ) .  Scale 
41 X

P la te  2 .23  Nadore l lo  e as t .  Compacted f o r a m i n i f e r a l  packstone 
with  Eulepidina (c e n t re )  and Spiroolypeus ( r i g h t  
and top c e n t r e ) .  Scale 41 x

P la te  2 .24  Nadore l lo  e as t .  Fo ra m in i fe ra l  packstone with  
pore space f i l l e d  p a r t l y  with  d epos i t iona l  
m a tr ix  and p a r t l y  w i th  two periods of  cement 
(Periods 3 and 4 ) .  Foram in i fe ra  inc lude
Eulepidina (4 examples),  Rephrolepidina ( l e f t  
c e n t r e ) ,  Spiroolypeus ( c e n t re )  and Hetero- 
stegina/Operoulina ( top c e n t r e ) .  (Way up is  
to  top r i g h t ,  given by numerous umbrel la  
s t r u c t u r e s ) .  Scale 41 x





Pla te  2 .25 Nadore l lo  e as t .  F o ra m in i fe ra l  packstone with  
pore space p a r t i a l l y  f i l l e d  wi th  dep o s i t io n a l  
m a tr ix  and p a r t l y  with two periods o f  cement 
(periods 3 and 4 ) .  Foram in i fe ra  are  re p re s 
ented by common Spiroolypeus and fragments of  
Eulepidina and a s in g le  Amphistegina ( r i g h t  
c e n t r e ) .  (Photograph is  the c o r r e c t  way up,  
given by numerous umbrel la s t r u c t u r e s ) .
Scale 41 x
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UPPER OLIGOCENE LIMESTONES : MICROFACIES OF THE 
FORAMINIFERAL GRAINSTONE-PACKSTONE FACIES

P la te  2 .26 La Conca. Compacted f o r a m i n i f e r a l  gra insto ne
with  common Nephrolepidina and some Amphistegina 
( top centre  and l e f t  c e n t r e ) ,  Eeterostegina/ 
Operoulina a lga l  debr is  ( l e f t  c e n t r e ,  top) and 
echinoid debr is  ( r i g h t  c e n t r e ) .  Pressure s o l 
u t io n  contacts  p re va i l  throughout the rock.  The 
algae (b lack  m a t e r i a l )  are  most prone to  pres
sure s o lu t io n  and now occupy " i n t e r s t i t i a l "  pos
i t i o n s ,  the Heterostegina/Operoulina ( top l e f t )  
p r e f e r e n t i a l l y  f r a c t u r e .  (Way up is  to  the  
r i g h t ) . Scale 41 x

P la te  2.27 Carboj Dam. Compacted f o r a m i n i f e r a l  gra in stone  
with common bryozoans (c e n t re )  echinoid debr is  
and a lg a l  debr is  (black m a t e r i a l ) .  Foramin ifera  
inc lude  common Nephrolepidina and Amphistegina. 
Pressure s o lu t io n  contacts p re v a i l  throughout  
the rock ,  the echinoid debr is  and bryozoans a c t  
as p r e f e r e n t i a l  s i t e s  f o r  cement p r e c i p i t a t i o n  
(Per iod 2) f i l l i n g  some pore space. Scale 41 x

P la te  2 .28 Contrada Giovanni.  Poorly sor ted compacted f o r 
a m in i f e r a l  packstone w i th  common Nephrolepidina 
(centre  and r i g h t  c e n t r e ) ,  Amphistegina ( r i g h t  
c e n t r e ,  top) Heterostegina/Operoulina (bottom 
centre  and r i g h t  c e n t r e ) ,  echinoid and a lga l  
(black m a t e r i a l )  debr is  and some bryozoans 
( c e n t r e ) .  Deposit ional  m a tr ix  and echinoid  
cements (Per iod 2) f i l l  some pore space,  pres
sure s o lu t io n  contacts are common. Scale 41 x





P la te  2 .2 9  Contrada Giovanni.  Poorly sorted f o r a m in i f e r a l  
packstone with  common Nephrolepidina  ̂ Hetero- 
stegina/Operculina and echinoid and a lg a l  d e b r is .  
Pore space is  p a r t l y  f i l l e d  by d e pos i t iona l  mat
r i x  and p a r t l y  by echinoid cement (Period 2) but 
mostly remains empty. Compaction fe a tu re s  are  
less pronounced compared to 2 .26  to 2 .2 8  but 
represented by common pressure s o lu t io n  contacts  
and common f r a c t u r i n g  in  the Heterostegina/ 
Operculina. Scale 41 x

P la te  2 .30  San Biag io  e a s t .  F o ra m in i fe ra l  gra insto ne with  
common a lg a l  debr is  (b lack m a t e r i a l )  and echinoid  
d e b r is .  Foram in i fera  are represented by equal 
proport ions of  Nephrolepidina^ Amphistegina and 
Heterostegina/Operoulina. Pressure s o lu t io n  con
ta c ts  are common and pore space is p a r t l y  f i l l e d  
by echinoid cement (Period 2) but mostly remains 
empty. Scale 41 x

P la te  2.31 Carboj Dam. F o ra m in i fe ra l  gra insto ne from a
cross-bedded u n i t  is  dominated by an Amphistegina 
and Rotalia fauna.  Alga l  (b lack  m a t e r i a l )  and 
echinoid debr is  are a lso common. Pore space is  
p a r t l y  f i l l e d  by echinoid cement (Period 2) but  
mostly remains empty. Minor area l  pressure s o l 
u t io n  contacts p re v a i l  throughout the rock.
Scale 41 x





P la te  2 .32  La Conca. Foramini f e r a i  gra insto ne with  abundant 
Nephrolepidina foramini  f e r a  and some a lg a l  debr is  
(black m a t e r i a l ,  r i g h t ) .  Compaction has resu l ted  
in  the r o t a t i o n  of  gra ins in t o  p a r a l l e l  al ignment  
producing an i n t e r lo c k in g  pressure welded te x tu re  
between the Nephrolepidina. Cementation is  m i n i 
mal,  most pore space remains empty. Scale 41 x

P la te  2.33 Carboj Dam. Foramini f e r a l  gra instone  w i th  abundant 
Nephrolepidina^ some Amphistegina ( r i g h t  c e n t r e ,  
bottom),  Heterostegina/Operoulina ( c e n t r e ) ,  a lga l  
(black m a t e r i a l )  and echinoid d e b r is .  Areal  pres
sure s o lu t io n  contacts p re v a i l  throughout the rock.  
Algae are  most prone to  pressure s o lu t io n  and oc
cupy " i n t e r s t i t i a l "  pos i t ions  ( t o p ) ,  the Hetero
stegina/Operoulina (ce n tre )  p r e f e r e n t i a l l y  f ra c tu re ,  
Cement f i l l s  some fo ra m ini f e r a  chambers and some 
i n t e r g r a n u la r  pore space, but most remain empty.  
Scale 41 x

P la te  2 .34  Carboj Dam. Grainstone with  common a lg a l  (black  
m a t e r i a l )  and echinoid debr is  and common Amphi
stegina. Two periods o f  cement (Periods 1 and 2) 
on echinoid debr is  f i l l  some pore, space. Scale  
41 X





LOWER MIOCENE LIMESTONES: FIELD VIEWS

P la te  3.1 Serra Lunga measured s t r a t i g r a p h i e  s e c t io n ,  view 
looking northwest.  Lower Miocene g la u c o n i t i c  
sandy l imestones form the Serra Lunga r id g e  in  
the l e f t  o f  the view. Upper Oligocene c lays  and 
marls are poor ly  exposed in  the low c u l t i v a t e d  
land in the foreground. The section  was measured 
along the l i n e  in d ic a te d ,  where the t rack  t r a v 
erses the r id g e .





P la te  3 .2  Costa del  Conte measured s t r a t i g r a p h i e  s e c t io n ,  
view looking north .  Lower Miocene g la u c o n i t i c  
and sandy l imestones form the length o f  t h i s ,  
the Costa del Conte r id g e .  Upper Oligocene  
clays and marls form poor outcrops a t  the base 
of  the r id g e  and in  the v a l l e y  in  the f o r e 
ground. The section was measured along the 
l i n e  in d ic a t e d .





P la te  3 .3  B a t t e l la r o  measured s t r a t i g r a p h i e  s e c t io n ,  view  
looking e a s t .  Lower Miocene g la u c o n i t i c  and 
sandy l imestones form the bedded succession o u t 
cropping in  the centre  to the l e f t  o f  the view.  
Upper Oligocene clays and marls are poor ly  ex
posed below th is  bedded succession to  the r i g h t .  
The sec t ion  was measured along the l i n e  o f  con
t inuous outcrop.





P la te  3 .4  B a t t e l l a r o .  Close view o f  the beds a t  the top 
( l e f t )  of the succession seen in P la te  3 .3 .
The more in dura te  beds (weather ing out)  con
ta in  more carbonate m ate r ia l  than the less i n 
dura te  beds which conta in  more quar tz  sand.
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P la te  3 . 5  Mt C a r d e l l i a  measured s t r a t i g r a p h i e  s e c t io n ,  view  
looking north .  Lower Miocene g la u c o n i t i c  and 
sandy l imestones form the massive crags on the  
s k y l in e .  Uper Oligocene clays and marls form the 
l i g h t  grey outcrops below the crags in  the middle 
of the view. The section was measured along the  
l in es  in d ic a te d .
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LOWER MIOCENE LIMESTONES: MICROFACIES OF
THE GLAUCONITIC LIMESTONE FACIES

P la te  3 .6  Costa del Conte. Compacted f o r a m i n i f e r a l  g r a i n 
stone w i th  abundant Miogypsina and some Nephro- 
lepidina ( l e f t  and bottom r i g h t ) ,  Amphistegina 
( c e n t r e ) ,  Spiroolypeus ( r i g h t ) ,  Eulepidina f r a g 
ments ( r i g h t  cent re  and l e f t  c e n t re )  a lg a l  (b lack  
m a t e r i a l )  and echinoid d e b r is .  Compaction has 
r e s u l te d  in  the reduct ion o f  i n t e r g r a n u la r  pore 
space and the subsequent formation of  a rea l  pres
sure s o lu t io n  contacts .  The remaining i n t e r 
g ra nu la r  pore space is  cement f i l l e d .  Glauconi te  
is  present  as opaque f i l l i n g s  to some fo ra m ini f e ra  
(a r ro w e d ) . Scale 41 x

P la te  3 .7  Costa del Conte. Compacted fo ra m ini f e r a l  g r a in 
stone w i th  common Miogypsina and Nephrolepidina 
and some Heterostegina/Operoulina (ce n t re  and 
bottom c e n t r e ) , Amphistegina (bottom c e n t r e ) ,  
Spiroolypeus ( l e f t  c en t re )  and a lg a l  (black mat
e r i a l )  and echinoid d e b r is .  Areal  pressure s o l 
u t io n  contacts p re v a i l  throughout the rock,  cem
ent  f i l l s  the remaining (post compaction) i n t e r 
g ranu lar  pore space. G lauconi te  is  present as 
opaque f i l l i n g s  to some fo ram ini f e r a  chambers 
(arrowed) .  Scale 41 x

P la te  3 .8  Costa del Conte. Foramini f e r a l  gra in stone  b e t t e r  
sorted and f i n e r  gra ined than in  Pla tes  3 .6  and 3.7  
and showing less e f f e c t s  o f  compaction never the less ,  
s t i l l  ev ide n t  in  a f u l l y  cemented rock.  Foramin-  
i f e r a  inc lude  common Amphistegina with  Nephrolepidina 
and some Miogypsina, Eulepidina fragments ,  Hetero
stegina/Operoulina fragments and a lg a l  and echinoid  
d e b r is .  Glauconi te  is present as opaque f i l l i n g s  to 
some fo ra m ini f e r a  (a rrowed) .  Scale 41 x





P la te  3 .9  Costa del Conte.  Compacted gra insto ne w i th  common 
Amphisteginai  fragments of  other  foramini  f e r a , 
a lg a l  and echinoid debr is  and some g la ucon i te  p e l 
l e t s  (we l l  rounded black grains which r e s i s t  pres
sure s o l u t i o n ) .  G lauconi te  is a lso present  as 
opaque f i l l i n g s  to some Amphistegina and as f i l 
l ings  to  the pores o f  echinoid g ra in s .  Compaction 
has re s u l te d  in  the formation o f  a rea l  pressure  
s o lu t io n  contacts between g ra in s ;  the remaining  
i n t e r g r a n u la r  pore space is  cement f i l l e d .  Scale 
41 X

P la te  3 .10  B a t t e l l a r o ,  peel photomicrograph. Foram in i fe ra l  
gra instone  with common sub-rounded quar tz  grains  
(bottom r i g h t ) , com m n Rotalia (bottom c e n t r e ) ,  
fragments o f  o ther  benthonic foram ini f e r a  and a 
s in g le  abraded Nephrolepidina ( l e f t ) .  Compaction 
is  minimal and represented by area l  pressure s o l 
u t ion  contacts between some g ra in s .  In te r g r a n u 
l a r  pore space is  cement f i l l e d .  G lauconite  is  
represented by opaque f i l l s  to  some fo ra m in i f e r i d  
chambers, e s p e c ia l l y  the Nephrolepidina ( l e f t ) .  
Scale 105 x

P la te  3.11 B a t t e l l a r o ,  peel photomicrograph. Foram in i fe ra l  
gra instone  with  common sub-rounded quar tz  g ra in s ,  
common G l o b ig e r i n i i d s ,  fragments o f  benthonic fo r -  
a m in i fe ra  and a s in g le  Nodosari id ( c e n t r e ) .  Com
pact ion is  minimal ,  but represented by area l  pres
sure s o lu t io n  contacts between gra in s .  A l l  i n t e r 
g ra n u la r  pore space i s  cement f i l l e d .  Glauconite  
is  represented by opaque m a te r ia l  associated with  
some fo r a m in i f e r a ,  and by rounded p e l l e t s ,  one of  
which is  embedded in  an echinoid gra in  (centre  
t o p ) .  Scale 105 x
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P la te  3 .12  B a t t e l l a r o ,  peel photomicrograph. F o ra m in i fe ra l  
gra in stone  w i th  common sub-rounded quar tz  g ra in s ,  
common G l o b i g e r i n i i d s ,  Rotdlia and fragments o f  
other  benthonic fo ra m ini f e r a  inc lud ing  a s in g le  
la rg e  fragment o f  Eetevostegina/OpeTculina 
( c e n t r e ) .  Cement f i l l s  the i n t e r g r a n u la r  pore 
space. G lauconi te  is  represented by rounded 
p e l l e t s  and opaque and dark i n f i l l s  to  some f o r 
ami n i f e r a .  Scale 105 x

P la te  3 .13  B a t t e l l a r o .  Grainstone w i th  common quar tz  g ra in s ,  
g la u co n i te  p e l l e t s ,  Amphistegina, Rotalia and 
small R o t a l i i d s .  Compaction is  minimal but rep
resented by area l  pressure s o lu t io n  contacts  
between some g ra in s .  Pore space is  cement f i l l e d .  
Scale 105 x

P la te  3 .14  C a r d e l l i a ,  peel photomicrograph. Grainstone with  
common G l o b ig e r i n i i d s ,  small R o t a l i i d s  and f r a g 
ments o f  benthonic fo ram ini f e r a .  G lauconi te  is  
present as p e l l e t s  (b lack g ra in s )  and i n f i l l s  to  
some fo ra m ini f e r a .  Pore space is  cement f i l l e d .  
Scale 41 x





Pla te  3 .15  C a r d e l l i a .  Poorly sorted gra insto ne  w i th  Amphi
stegina, G l o b ig e r i n i i d s ,  fragments of  benthonic  
f o r a m i n i f e r a  and a s in g le  Nodosari id ( c e n t r e ) .  
Compaction is represented by pressure s o lu t io n  
contacts between some gra in s .  In t e r g r a n u la r  
pore space is  cement f i l l e d .  Scale 105 x

P la te  3 .16  C a r d e l l i a .  A horizon of a b i o c la s t i c  gra insto ne  
r i c h  in  g la u co n i te  p e l l e t s .  Other c la s ts  i n 
clude fragments of  echinoids and fo ram ini fe ra  
and a few gra ins  o f  q u a r tz .  Compaction is  rep
resented by a rea l  pressure s o lu t io n  contacts  
between g ra in s .  Echinoid m a te r ia l  p r e f e r e n t i 
a l l y  goes in t o  s o lu t io n  to  accommodate the  
g lau co n i te  gra in  ( top r i g h t ) .  I n t e r g r a n u la r  
pore space is  cement f i l l e d .  Scale 105 x

P la te  3 .17  C a r d e l l i a .  B io c la s t i c  gra instone with  g laucon i te  
p e l l e t s ,  G lo b ig e r in i id s  and fragments of  ech in 
oids and benthonic fo ram in i f e r i d s . In te r g r a n u la r  
pore space is  cement f i l l e d .  Scale 105 x





P la te  3 .1 8  C a r d e l l i a .  B i o c l a s t i c  gra instone w i th  g laucon i te  
p e l l e t s ,  G l o b ig e r i n i i d s ,  small R o t a l i i d s ,  and 
fragments o f  ech ino ids ,  benthonic foramini  f e r a  
and b iv a lv e s .  Compaction is represented by real  
pressure so lu t io n  contacts between some gra in s .  
I n t e r g r a n u la r  pore space is  cement f i l l e d .  Scale  
105 X

P la te  3 .19  C a r d e l l i a .  B i o c l a s t i c  gra instone w i th  abundant 
g la ucon i te  p e l l e t s  and fragments o f  echinoids and 
benthonic f o r a m in i f e r a .  Compaction is  represented  
by real  pressure so lu t io n  contacts between some 
g ra in s .  In t e r g r a n u la r  pore space is  cement f i l l e d  
Scale 105 x





LOWER MIOCENE LIMESTONES: MICROFACIES OF
THE SANDY LIMESTONE FACIES

P la te  3 .20  Costa del Conte.  Sandy l imestone with  common 
rounded to  subangular gra ins o f  f i n e  sand s iz e  
q u a r tz .  Allochems are  represented by G lob ig -  
e r i n i i d  and small R o t a l i i d  fo ra m ini f e r a  and by 
fragments o f  echinoid  and a lg a l  d e b r is .  I n t e r 
g ranu lar  pore space is  cement f i l l e d .  Scale  
41 X

P la te  3.21 Costa del Conte.  Sandy l imestone with  common 
rounded to  angular  grains o f  f i n e  sand s ize  
qu a r tz .  Glauconi te  p e l l e t s  are  present and 
allochems are represented by G l o b ig e r i n i i d s ,  
small R o t a l i i d s ,  a s in g le  Amphistegina ( top ,  
r i g h t )  and fragments o f  echinoid and b iv a lv e .  
Compaction is  represented by area l  pressure  
s o lu t io n  contacts between some gra in s .  I n t e r 
g ran u la r  pore space is  cement f i l l e d .  Scale  
105 X

P la te  3 .22  B a t t e l l a r o .  Sandy l imestone w i th  common rounded 
to subangular f i n e  sand s iz e  quar tz  gra ins and 
with  allochems represented by G lo b ig e r in i id s  and 
b iv a lv e  fragments.  I n t e r g r a n u la r  pore space is  
cement f i l l e d .  Scale 105 x





Pla te  3 .23  B a t t e l l a r o .  Calcareous sandstone with  abundant 
wel l  sorted rounded to angular  f i n e  sand s ize  
quartz  g ra in s .  Other gra ins are represented by 
a few g laucon i te  p e l l e t s  and some small echinoid  
and a lg a l  d e b r is .  Pore space is  cement f i l l e d .  
Scale 41 x

P la te  3 .2 4  B a t t e l l a r o .  Sandy l imestone with  a calcareous  
sandstone horizon w i th in  i t .  Quartz gra ins  are  
well  s o r te d ,  rounded to  subangular,  o f  f i n e  
sand s i z e .  Allochems are  represented by small  
R o t a l i i d s ,  G lo b ig e r in i id s  and a lg a l  and b iva lve  
d e b r is .  Pore space is  cement f i l l e d :  sub-
p o i k i l o t o p i c  cement in  the calcareous sandstone 
and gra n u la r  cement in  the sandy l imestone.  
Scale 41 x

P la te  3 .25  Serra Lunga. Sandy l imestone ,  coarser  gra ined  
than those in  P la tes  3 . 2 0 - 3 . 2 4 ,  conta in ing  
medium to coarse sand s iz e  rounded to  w el l  
rounded quar tz  g ra in s .  Other grains are  re p 
resented by rounded opaque g lau co n i te  p e l l e t s ,  
G l o b ig e r in i id s  and fragments of  benthonic  
forami ni f e r a ,  algae and echinoids.. Pore space 
is  cement f i l l e d .  Scale 105 x
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P la te  3 .26  Serra Lunga. Sandy l imestone with  poor ly  sorted  
medium to coarse sand s ize  subangular to  wel l  
rounded quar tz  grains along wi th  g laucon i te  p e l 
l e t s  (opaque), G l o b ig e r i n i i d s ,  a lg a l  debr is  and 
a s in g le  small R o t a l i i d  ( l e f t ) .  Pore space is  
cement f i l l e d .  Scale 105 x

P la te  3 .27  Serra Lunga. Sandy l imestone with poor ly  sorted  
subangular to wel l  rounded qu a r tz  gra ins  along 
with opaque g laucon i te  p e l l e t s ,  G lo b ig e r in i id s  
and fragments o f  algae and benthonic f o r a m i n i f -  
era .  Compaction is represented by a rea l  pres
sure s o lu t io n  contacts between some g ra in s .
Pore space is  cement f i l l e d .  Scale 105 x

P la te  3 .2 8  C a r d e l l i a .  Grainstone with  common g lau co n i te  
p e l l e t s  along with  small R o t a l i i d s ,  T e x t u l -  
a r i i d s  (one arrowed) and fragments of  benth
onic f o r a m i n i f e r a ,  echinoids and a lg ae .  Com
pact ion is  represented by a rea l  pressure s o l 
u t io n  contacts between some g ra in s .  Pore 
space is  cement f i l l e d .  Scale 105 x
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P la te  3 .2 9  C a r d e l l i a .  Grainstone composed o f  fragments o f  
a lg ae ,  ech in o id s ,  benthonic fo r a m in i f e r a  and 
b iv a lv e s .  A few g laucon i te  p e l l e t s  (opaque -  
subopaque) and quar tz  gra ins are present .  Pore 
space is  cement f i l l e d .  Scale 105 x

P la te  3 .3 0  C a r d e l l i a .  Grainstone composed o f  G l o b i g e r i n i i d s , 
small R o t a l l i i d s  and fragments o f  ech in o id s ,  algae  
and benthonic f o r a m in i fe r a  along wi th  some g lauc
o n i te  p e l l e t s  (opaque).  Pore space is  cement 
f i l l e d .  Scale 105 x





PALAEONTOLOGY: CORALLINE RED ALGAE
( a l l  photomicrographs are  from Nadore l lo  east  samples)

P la te  4.1 Avchaeolvthotharm'ium saipanense. Typica l  branch
ing growth form: short  narrow branches connected
by t h in  layers  o f  t h a l l u s .  Sporangia a re  numer
ous and concentrated i n to  la y e rs .  Scale 41 x

P la te  4 .2  A. saipanense. Four to f i v e  t h a l l i  are  superim
posed, each is  f e r t i l e  and contains sporangia in  
layers  in  the area o f  the low r e l i e f  protuberance  
Scale 41 x

P la te  4 .3  A. saipanense forms the outer  encrus ta t ion  of  a 
r h o d o l i th  p rev ious ly  encrusted by Lithopovella 
melohesioides. The th in  simple m u l t i l a y e r e d  
hypothal lus  and the threaded nature  o f  the p e r i -  
t h a l lu s  can be seen. Scale 105 x
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Pla te  4 .4  A. saipanense. I n f e r t i l e  t i s s u e ,  showing wel l  dev
eloped simple hypothal lus and threaded to boxwork 
p e r i t h a l l u s .  Scale 105 x

P la te  4 .5  A. saipanense. Close view o f  the t is s u e  in  P la te  
4 .4  showing the i r r e g u l a r  order  o f  the c e l l s  in the  
hypothal lus  and the se lected  c a l c i f i c a t i o n  o f  the  
v e r t i c a l  wal ls  in the p e r i t h a l l u s  g iv ing  a 
threaded appearance.  Scale 410 x

P la te  4 .6  A. saipanense. F e r t i l e  t is su e  showing t h in  simple 
h yp o th a l lu s ,  threaded p e r i t h a l l u s  and sporangia 
in  la y e r s .  Scale 410 x
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P la te  4 .7  Lithothamnium aggregatum ( top and r i g h t )  forms 
the outer  encru s ta t io n  o f  a r h o d o l i th  p re 
v io u s ly  encrusted by L. c f .  marianae (bot tom).  
L. aggregatum is  represented by a ty p ic a l  th in  
t h a l lu s  composed o f  a prominent hypothal lus  
and threaded p e r i t h a l l u s .  Conceptacles are  
re c ta n g u la r  in shape and form a r e l i e f  a t  the  
surface  o f  the t h a l l u s .  Scale 105 x

P la te  4 .8  L. aggregatum forms two separate encrus t 
a t ions  on a rh o d o l i th  composed of L. c f .  marianae 
in  i t s  core (bottom).  The prominent h y potha l lus ,  
threaded p e r i t h a l l u s  and re c tan g u la r  shaped con
ceptac les  can be seen ( c e n t r e ) .  Scale 105 x

Plate  4 .9  L. aggregatum. Close view of the t h a l lu s  r i g h t  
of  centre  in  P la te  4 .8  shows the simple m u l t i 
layered hypotha l lus ,  threaded p e r i t h a l l u s  and a 
s in g le  conceptacle .  Scale 410 x
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Pla te  4 .10  Thin t h a l l i  of  L. aggregatum form several  en
c ru s ta t io n s  ( r i g h t )  around a rh o d o l i th  o r i g 
i n a l l y  composed o f  L. c f .  marianae ( l e f t ) .  
Scale 41 x

P la te  4.11 Lithothamnium c f .  marianae. Typica l  t h i c k ,  
short  branch growth form showing common 
r e c tan g u la r  shaped conceptacles concent
ra ted  in t o  the branches. Scale 41 x

P la te  4 .12 L. c f .  marianae. A s in g le  detatched th ic k  short  
branch (which would have been attached to  the  
th a l lu s  a t  i t s  narrow end, on the l e f t )  c o n ta in 
ing numerous re c tan g u la r  shaped conceptacles.  
Scale 41 x
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P la te  4 .13  Bored t h a l l u s  o f  L. c f .  marianae showing a th ic k  
simple m u l t i - l a y e r e d  hypothal lus and a threaded  
peri  tha ï  lus w i th  lensoid  growth zones. Scale  
105 X

P la te  4 .14  L. c f .  marianae. Close view o f  the t h a l lu s  show
ing a t y p i c a l l y  th in  simple m u l t i - l a y e r e d  hypo 
t h a l lu s  and threaded p e r i t h a l l u s .  Scale 410 x

P la te  4 .15  Lithophyllum ovatum forms the outer  th in  encrus t 
a t io n  on a r h o d o l i t h .  The t h a l lu s  is  t y p i c a l l y  
t h i n ,  w i th  a coaxia l  hypothal lus (best seen,  
r i g h t  c e n t re )  and a p e r i t h a l l u s  conta in ing  a 
s in g le  unipored conceptacle ( l e f t  c e n t r e ) . Scale 
105 X





P la te  4 .16  L. ovatum. Close view o f  the t h a l lu s  in P la te  
4 .15  showing the coaxia l  hypothal lus and l a y 
ered p e r i t h a l l u s .  Scale 410 x

P la te  4 .17  Lithophyllum personatum. Two t h i c k ,  s h o r t ,
c lo s e ly  spaced, f e r t i l e  branches (bottom l e f t  
and r i g h t )  conta in ing  la rge  unipored concep
tac le s  which have a f l a t  base and convex roo f .  
Scale 41 x

P la te  4 .18  L. personatum. Close view o f  the branch on the  
bottom r i g h t  of  P la te  4 .17  showing the layered  
and lensoid  nature  o f  the p e r i t h a l l u s  t i s s u e ,  
and the absence of  th is  l a y e r in g  on the upper 
surface o f  the conceptacles.  Scale 105 x
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P la te  4 .19  L. personatum. Close view of a conceptacle in  
P la te  4 .1 8  showing the absence of  la y e r in g  and 
l a r g e r  s iz e  of  c e l l s  in the th a l lu s  on the  
upper surface  of  the conceptacle .  Scale 410 x

P la te  4 .20  L personatum. Close view showing the poor ly  
developed simple m u l t i - l a y e r e d  hypothal lus  
and layered  p e r i t h a l l u s  of  the rh o d o l i th  
i l l u s t r a t e d  in P la te  4 .1 7 .  Scale 410 x

P la te  4.21 A s in g le  detached branch of L. personatum show
ing a wel l  developed layered and lensoid  p e r i -  
t h a l lu s  with  numerous f l a t  based convex roofed  
uni pored conceptacles.  Scale 105 x
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P la te  4 .22  M esophyllum  c f .  va u g h a n ii. Typica l  short  t h i c k ,  
branch growth form with  abundant conceptacles  
s t i l l  conta in ing  sporangia.  Scale 41 x

P la te  4 .23  Bored t h a l lu s  o f  M. c f .  vaughanii conta in ing  
abundant sporangia f i l l e d  conceptacles in  a 
protuberance o f  low r e l i e f .  Scale 41 x

P la te  4 .24  M. c f .  vaughanii. Close view o f  the t h a l lu s  on 
the r i g h t  o f  P la te  4 .23  showing a wel l  de f ined  
t h i c k ,  coaxia l  hypotha l lus ;  lensoid  growth zones 
in  the layered p e r i t h a l l u s ;  and numerous con
ceptacles conta in ing  sporangia.  Scale 105 x
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P la te  4 .25 A branch of M. c f .  va u g h a n ii showing pronounced 
lensoid growth zones in the area o f  the branch.  
Growth zones are non len so id ,  p a r a l l e l ,  in  the 
th a l lu s  outs ide  the area o f  the branch (bottom 
l e f t ) .  A s in g le  sporangia f i l l e d  conceptacle  
i s  present (bottom r i g h t ) .  Scale 105 x

P la te  4 .26  M. c f .  vaughanii. Close view showing the d e t a i l  
of  a poor ly  developed plumose hypothal lus and a 
layered p e r i t h a l l u s .  Scale 410 x

P la te  4 .27  Lithopovella c f .  melohesioides. Several mono- 
stromatic  t h a l l i  w ith  v e r t i c a l l y  e longate  c e l l s  
which vary in s ize  w i th in  and between t h a l l i .  
Scale 105 x
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Pla te  4 .28  T h a l l i  o f  L. c f .  melohesioides ( v e r t i c a l l y  e lo n 
gate c e l l s )  are in te r le a v e d  with  t h a l l i  o f  
Melobesia c f .  ouhoides (square and h o r i z o n t a l l y  
elongate c e l l s )  Scale 410 x

P la te  4 .2 9  T h a l l i  o f  L. c f .  melohesioides and M. c f .
ouhoides in  a r h o d o l i th  o f  L, c f .  marianae 
Scale 105 x

P la te  4 .30  T h a l l i  o f  M. c f .  ouhoides form the f i r s t  e n cru s t 
a t io n  on a Lepidooyolina (Eulepidina) f o r a m i n i f 
e ra .  Scale 105 x





Pla te  4.31 M. c f .  ouhoides. Close view of  the tha ï  11 in  the 
top r i g h t  o f  P la te  4 .30  showing the ty p ic a l  h o r i 
z o n t a l l y  elongate c e l l s .  Scale 410 x

P la te  4 .32  T h a l l i  of  M. c f .  ouboides form the f i r s t  e n cru s t 
a t io n  ( l e f t )  on an abraded rh o d o l i th  composed o f  
Avchaeolithotharmium (threaded t h a l l u s )  and 
Metobesïa. Scale 105 x

P la te  4 .33  Rhodoli th  compact branching growth form seen a t  
Nadorel lo  e as t .  The rh o d o l i th s  are  composed of  
dense a lg a l  t h a l l u s ,  have short  c lo s e ly  spaced 
branches and show good s p h e r i c i t y .  The lens  
cap is  55 mm d i a .
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Pla te  4 .3 4  Rhodoli th  compact branching growth form seen a t  
Nadore l lo  eas t .  Rhodoli ths with good s p h e r i c i t y  
are  formed o f  dense a lg a l  th a l lu s  with  common 
short  protuberances.  The lens cap is  55 mm d ia .

P la te  4 .35  Rhodoli th  compact- laminar growth form seen a t  
Nadore l lo  e a s t .  The r h o d o l i th  (c e n t re )  has a 
core o f  dense compact branching a lg a e ,  th is  is  
l a t e r  encrusted by numerous th in  t h a l l i  o f  an
o ther  alga commonly d is p la y in g  conceptacles  
( top l e f t  o f  the r h o d o l i t h ) .  M i l l i m e t e r  grad
a t ions  are  seen on the r u l e .

P la te  4 .36  Rhodol i th  laminar  growth form seen a t  Nadore l lo  
eas t .  The rho d o l i th s  are composed e n t i r e l y  o f  
an alga with a th in  th a l lu s  growth form. There 
is  no dense core and common a l t e r n a t i n g  layers  
of  sediment (grey) and alga (w h i te )  can be 
seen. The r u le  is  150 mm long.
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P la te  4 .37 Rhodoli th open branching growth form seen a t  
Nadorel lo  eas t .  Branches which are r e l a t i v e l y  
long and th in  are widely  spaced around the  
otherwise  th in  t h a l lu s  o f  the r h o d o l i t h .
Layers o f  sporang ia ,  represented by f a i n t  grey  
l i n e s ,  can be seen in  the branches, thus ide n 
t i f y i n g  t h i s  alga as Arohaeolithotharmium, 
M i l l i m e t e r  gradations  are seen on the r u l e .

P la te  4 .38  Rhodoli th  open branching growth form seen a t  
Nadore l lo  ea s t .  Well spaced, long, th in  
branches are  seen on an a lga w i th  a th in  t h a l 
lus which encrusts a benthonic f o r a m i n i f e r a .  
M i l l i m e t e r  gradations  are seen on the r u l e .

P la te  4 .39  Rhodoli th  compact non branching growth form seen 
a t  Contrada Giovanni.  Non-branching rh odo l i ths  
of  poor s p h e r ic i t y  are formed o f  dense a lg a l  
th a l lu s  mostly encrusting Lepidooyclina 
(Eulepidina) f o r a m in i f e r a .  The lens cap is  55 mm 

d i a .





P la te  4 .4 0  Rhodoli th  compact non-branching growth form seen 
a t  Contrada Giovanni.  Close view o f  some rhodo
l i t h s  towards the bottom centre  of  P la te  4 .3 9 ,  
emphasising the poor s p h e r i c i t y  o f  the rhodo
l i t h s  and the compact nature  of  the t h a l l u s  (no 
i n t e r l e a v in g  of sediment and t h a l lu s  can be seen).  
The lens cap i s  55 mm d ia .
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PALAEONTOLOGY: TRACE FOSSILS

P la te  4.41 Thalassino'tdes paradoxi-ca a t  Nadore l lo  e a s t  on 
the Upper Cretaceous-Upper Oligocene unconform
i t y .  The view shows burrowed Upper Cretaceous  
chalk p las te red  to  the underside of  the massive 
Upper Oligocene a lg a l  l imestone bed shown in  
P la te  2 .4 .  The burrows, f i l l e d  with  Upper 
Oligocene l imestone,  are h o r i z o n ta l -s u b h o r iz o n 
t a l  in aspec t ,  branch a t  angles o f  4 5 -9 0 °  a t  
i r r e g u l a r  i n t e r v a l s ,  and show swel l ing  a t  the  
branch po in ts .  Scattered black phosphatic  
chalk c la s ts  are present in  the basal Upper 
Oligocene. The r u le  is  150 mm long.

P la te  4 .42  T. paradoxica a t  Donnalucata beach, SE S i c i l y .
The view shows the upper surface of  a Lower 
Miocene hardground which is  per fora ted  by num
erous v e r t i c a l  tubes o f  T. pavadoxica. The 
smal ler  openings (3 -5  mm d i a . )  represent  bor
ings of  Trypanites sp. The hardground l im e 
stone is dark  in colour  because i t  is  phos- 
phatised whereas the l i g h t  coloured i n f i l l  to  
the burrow tubes is  composed mostly of  non- 
phosphatised l imestone with some phosphatat ic  
c la s t s .  The lens cap is  55 mm d ia .

P la te  4 .43  An example o f  very  large  burrows o f  T. paradoxica 
seen 200 mm below the phosphatised Lower Miocene 
hardground i l l u s t r a t e d  in  Pla tes  4 .42  and 7 .1 .  
The lens cap is  55 mm d ia .
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P la te  4 .4 4  Burrows o f T. suevicus seen in  a beach exposure 
o f Lower Miocene limestones a t  Donnalucata, SE 
S i c i l y .  A c. 90° burrow branch ( r i g h t  c e n tre )  
shows minor sw e ll in g  a t  the branch p o in t .  The 
lens cap is  55 mm d ia .

P la te  4 .45  Burrows o f  T. suevicus in  a beach exposure o f  
Lower Miocene limestones a t  Donnalucata, SE 
S i c i l y .  The burrows b i fu rc a te  and show neg
l i g i b l e  sw e ll in g  a t  the branch p o in t .  Burrow 
w alls  are  smooth. The lens cap is  55 mm d ia .

P la te  4 .46  A Lower Miocene limestone bed located immediately  
below the hardground a t  Donnalucata, SE S i c i l y ,  
is  thoroughly  b io turbated  by T. suevicus. The 
lens cap is  55 mm d ia .
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P la te  4 .47  Small b i fu rc a t in g  burrows o f T. suevicus lo c 
ated imm ediately  below a Lower Miocene phos
p h o r ite  bed a t  P izzo Capra d 'O ro , southeast  
o f Ragusa, SE S i c i l y .  The lens cap is  55 mm 
d ia .

P la te  4 .4 8  Borings o f  Trypanites weisei are seen (as black  
spots) on c la s ts  of phosphatised lim estone in  
the Lower Miocene phosphorite conglomerate a t  
Contrada le  S erre , north  o f  Ragusa, SE S i c i l y .  
The lens cap is  55 mm d ia .

P la te  4 .4 9  Borings o f  Trypanites sp. seen on the surface  o f  
a f is s u r e  in  Upper Oligocene and Upper Cretaceous  
l imestones a t  Nadore llo  eas t in  southwest S i c i l y .  
The borings are i n f i l l e d  w ith  Lower Miocene glauc  
o n i t ic  sandy lim estone.
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DIAGENESIS: UPPER OLIGOCENE LIMESTONES

P la te  5.1 Carboj Dam. Two periods o f  cement are present 
(Periods 1 and 2 ) .  The f i r s t  is  represented by 
a t h i n ,  dusty , s yn tax ia l  overgrowth on the  
ech inoid  g ra in  ( r i g h t  c e n t r e ) .  The second is  
represented by a wide c le a r  overgrowth on the  
echinoid  g ra in  and by a th in  coating o f  scaleno- 
hedra and equant spar on the fo ra m in i fe r a .  The 
a lg a l fragment ( r i g h t )  has no cement co at in g .  
Compaction post dates the  second period  cement 
evidenced by the ech ino id  overgrowth forming a 
pressure s o lu t io n  contact w ith  neighbouring  
g ra in s .  Scale 105 x

P la te  5 .2  Carboj Dam. Two periods o f  cement are present  
(Periods 1 and 2 ) .  The f i r s t  is  represented by 
a th in  dusty s y n ta x ia l  overgrowth ( ju s t  v is i b l e )  
on the two ech ino id  gra ins  ( l e f t  and bottom 
r i g h t ) .  The second cement forms wide overgrowths  
on the ech ino id  gra ins  and th in  coatings o f  s c a l -  
enohedra ( v i s i b l e  c e n tre )  on the fo ra m in i fe ra  but 
is  absent from the  a lg a l c la s ts .  Compaction post 
dates the  second cement since one ech ino id  over
growth forms a pressure s o lu t io n  contact w ith  the  
Amphistegina ( r ig h t  c e n t r e ) .  Scale 105 x
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P la te  5 .3  N adore llo  e a s t .  Four periods o f cement (Periods  
1 to  4 , a l t e r n a t in g  dusty and c le a r )  are present  
on the echinoid  g ra in s  where they show p r e f e r 
e n t ia l  growth in  the c - d i r e c t i  on o f  the g ra in  
( t o p ) .  Two periods of cement (Periods 3 and 4) 
are present e lsewhere. Scale 105 x
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P la te  5 .4  Nadore llo  e a s t .  Four periods o f  cement (Periods  
1 to  4 , a l t e r n a t in g  dusty and c le a r )  are present  
on the ech inoid  g ra in  ( l e f t  c en tre )  where they  
show p r e fe r e n t ia l  growth in  the c - d i r e c t i  on o f  
the g ra in .  Two periods o f  cement (Periods 3 and 
4) are present e lsewhere. Scale 41 x

P la te  5 .5  Carboj Dam. Close view showing the scalenohedral  
to  bladed h a b it  o f the second period cement on a
Heterostegina/OpeTculina f o r a m in i f e r id . Scale  
410 X

P la te  5 .6  Western N ad o re llo . Stained peel photomicrograph  
o f an echinoid  g ra in  and i t s  s y n ta x ia l  cement 
overgrowth. Seven zones o f  a l t e r n a t in g  non- 
fe rro an  and fe rro an  (s ta in ed  blue w ith  potassium  
f e r r ic y a n id e )  c a lc i t e  are p resen t. They are  s e r 
ra ted  in  appearance w ith  the apices extended in  
the c - d i r e c t i  on o f  the c ry s ta l  forming the ech in 
oid g ra in .  Scale 410 x
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P la te  5 .7  N adore llo  e a s t .  Three periods of cement (Periods  
2, 3 and 4) are seen on the echinoid g ra in  (top  
l e f t )  but only two periods (Periods 3 and 4 )  are  
seen e lsew here. The dusty (Period 3) cement 
l in e s  the pore space and forms a th ic k e r  coating  
on the fo ra m in ife ra  than on the a lg a l  (b la ck )  
m a te r ia l .  The blocky period 4 cement f i l l s  the  
remaining p o ro s ity  which was pro tected  from loss 
in  compaction by the r i g i d i t y  provided by the  
pore l in in g  period 3 cement. Scale 41 x

P la te  5 .8  N adore llo  e a s t .  Two periods o f cement (Periods  
3 and 4 )  are p resen t. Period 3 cement forms a 
dusty coating on the g ra in s  w h i ls t  period 4 
cement forms a c le a r  blocky f i l l .  Scale 105 x

P la te  5 .9  N adore llo  e a s t .  Close view o f  a pore w a ll  showing 
the dusty (Period 3) cement, w ith  many in c lu s io n s ,  
coating the gra ins  and the c le a r  blocky period  4 
cement f i l l i n g  the pore space. The dusty cement 
is  th ic k e r  on the fo r a m in i fe r id  su b stra te  than on 
the a lg a l  su b stra te  ( r ig h t )  and i t  shows f a i n t  
c ry s ta l  te rm ination s  (arrowed) to  suggest an a c i -  
c u la r  or bladed h a b i t .  Scale 410 x
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P la te  5 .10  San B iag io . Two periods of cement (Periods 3 
and 4) are p resen t. The dusty period 3 cement 
coats the gra ins  and f i l l s  some o f  the sm alle r  
pore spaces. The c le a r  blocky period 4 cement 
( ju s t  v is i b l e  and in  the w hite  a reas ) f i l l s  
the remaining pore space. Scale 41 x

P la te  5.11 Contrada G iovanni. Echinoid g ra in  overgrowths  
o f  period 2 cement ( r ig h t  c e n tre )  preserve  
p o in t  contacts  and the o r ig in a l  d is t r ib u t io n  o f  
gra ins  in  t h e i r  immediate v i c i n i t y .  Whereas, 
elsewhere in  the rock p o ro s ity  is  reduced and 
area l pressure s o lu t io n  contacts between gra in s  
p r e v a i l .  Scale 41 x

P la te  5 .12  La Conca. The echinoid overgrowth (Period 2 
cement, bottom c e n tre )  preserves the o r ig in a l  
r e la t i v e  p o s it io n s  o f the gra ins around i t .  
Elsewhere in  the rock compaction has occurred,  
th e re  is  an in te r lo c k in g  te x tu re  between 
Nephrolepidina^ and a rea l pressure s o lu t io n  
contacts p r e v a i l .  Scale 41 x





P la te  5 .13  N adore llo  e a s t .  Thoroughly compacted fo ra m in i-  
f e r a l  packstone showing very l i t t l e  in te r g r a n -  
u la r  p o ro s ity  and numerous a rea l pressure s o l 
u t io n  contacts  between g ra in s .  Scale 41 x

P la te  5 .14  Carboj Dam. Compaction produces m ic r o s t y l i tes  
between the two fo ra m in i fe ra  (to p ) w h i ls t  
other fo ra m in i fe ra  (centre  and bottom) re a c t  
by f r a c t u r in g .  Scale 105 x

P la te  5 .15  Carboj Dam. Compaction in  th is  coarse grained  
fo ra m in i fe r a l  g ra instone  is  much more pron
ounced than th a t  seen in  the f i n e r  gra ined rock  
(P la te  2 .3 1 )  c o l le c te d  from the same l o c a l i t y .  
The gra ins have been ro ta te d  in to  p a r a l le l  a l 
ignment, la rg e  a rea l pressure s o lu t io n  contacts  
p re v a i l  and a lg a l  c la s ts  (b lack m a te r ia l )  now 
occupy " i n t e r s t i t i a l "  p o s it io n s  due to  exces
s ive  pressure s o lu t io n .  Scale 105 x





P la te  5.16 Tombe S ic a n i .  The two Eeterostegina/Operculina 
(top and c e n tre )  have reacted to  compaction by 
f r a c t u r in g .  Scale 105 x

P la te  5 .17 Carboj Dam. The two Eetevostegina/OpeTcutina 
(top l e f t  and l e f t )  have reacted  to  compaction 
by f r a c tu r in g  and by pressure s o lu t io n  of t h e i r  
in te r n a l  septa l w a lls  (arrow ed). Scale 105 x

P la te  5 .1 8  San Biagio e a s t .  Compaction has re s u lte d  in  the  
p a r a l le l  a lignm ent o f  fo r a m in i fe r a ,  f r a c tu r e  o f  
some, and the apparent d u c t i le  deform ation o f  
others (a rrow ed). Scale 41 x
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P la te  5 .1 9  Contrada G iovanni. A la rg e  rock fragment ( r ig h t  
c e n tre )  is  r e s is t a n t  to  pressure s o lu t io n .  
Neighbouring gra ins  have p r e f e r e n t ia l l y  gone in to  
s o lu t io n  a g a in s t  i t .  Scale 41 x

P la te  5 .20  N adore llo  e a s t .  Mud (A) microspar (B) and pseudo- 
spar (C) f i l l  most o f  the pore space. The e c h in -  
oid overgrowths (top and r ig h t )  must, in  p a r t ,  be 
neomorphic, f o r  the reasons s e t out in  the t e x t .  
Scale 41 x

P la te  5.21 N adore llo  e a s t .  Cemented packstone (way up to  
the r i g h t )  f i l l i n g  a Thalassinoides burrow.
The lovyer p a r t  o f  the burrow f i l l  ( l e f t )  con
ta in s  areas o f mud (A) and microspar (B ) .  The 
echinoid  overgrowth (top l e f t )  must, in  p a r t ,  
be neomorphic fo r  the reasons s e t  out in  the  
t e x t .  The top of the burrow f i l l  ( r i g h t )  has 
pore space f i l l e d  by the fo u r th  period cement. 
Scale 41 x





P la te  5 .22  Tombe S ic a n i .  A i l  pore space f i l l e d  by depos it-  
iona l m a t r ix ,  syn tax ia l  neomorphic overgrowths  
are  seen on echinoid  gra ins  and fo ra m in ife ra  
(a rrow ed). Scale 41 x

P la te  5 .23  Tombe S ic a n i .  Wackestone w ith  t ru e  wackestone 
(g ra in  f l o a t i n g )  te x tu re s  (top  l e f t  and top 
r i g h t )  and elsewhere in te r g r a n u la r  pore space 
f i l l e d  by d e p o s it io n a l  m a tr ix .  Neomorphic syn
t a x ia l  overgrowths are found on the numerous 
echinoid g ra in s  in  the rock. Scale 41 x

P la te  5 .24  N adore llo  e a s t .  P e l le t a i  s i l t s  (arrowed) occupy 
primary pore space and have a d i f f e r e n t  p é tro 
graphie appearance to the d ep o s it io n a l m a tr ix  
upon which they r e s t .  The upper surfaces o f the  
s i l t s  are not f l a t  and r e s t  a t  an angle to  the  
bedding in  the d e p o s it io n a l m a tr ix .  Scale 41 x





P la te  5 .25  N adore llo  e a s t .  P e l le t a i  s i l t s  occupy the lower  
p arts  o f  prim ary pore space v/here they r e s t  on 
d e p o s it io n a l  m a tr ix .  Scale 41 x

P la te  5 .26  N adore llo  e a s t .  A p e l le t a i  s i l t  w ith f a i n t l y  
d e te c ta b le  p e l l e t  boundaries f i l l s  the lower 
p a r t  o f  a primary pore space. The s i l t  post 
dates the pore l in in g  (Period 3) cement (s ince  
i t  is  not coated by i t )  and predates the blocky  
pore f i l l  (Period 4) cement. Scale 105 x

P la te  5 .27 San B iagio  west. A m ixture  o f  mud opaque p e l le ts  
and some small c ry s ta ls  f i l l s  most o f  the pore 
space which is  l in ed  by period 2 cement (arrowed)  
Way up is  to  the r i g h t ,  evidenced by umbrella  
s tru c tu re s  produced by some o f  the fo r a m in i fe r a .  
Scale 41 x





P la te  5 .2 8  San B iag io  west. A close view o f  the bottom 
centre  o f  P la te  5 ,2 7  shows the period  2 cement 
coating  the  g ra in s ,  the opaque p e l le ts  and 
small c ry s ta ls  in  the pore f i l l i n g  mud, and 
the  blocky perio d  4 cement f i l l i n g  the remain
ing pore space (bottom l e f t ) .  Scale 105 x

P la te  5 ,2 9  San Biagio  e a s t .  Dolomite rhombs rep lace  m atr ix  
and algae in  a b io c la s t ic  packstone. Scale 105 x





P la te  5 .3 0  Western N a d o re llo .  Subhedral unweathered c ry s ta ls  
o f  fe ld s p a r  w ith  no in c lu s io n s  form pressure s o l 
u tion  boundaries w ith  a l l  neighbouring g ra in s .  
Scale 105 x

P la te  5.31 Western N ad o re llo .  A s in g le  subhedral c ry s ta l  o f  
fe ld s p a r  forms pressure s o lu t io n  boundaries w ith  
neighbouring g ra in s .  Scale 105 x





DIAGENESIS: LOWER MIOCENE LIMESTONES

P la te  5 .32 Costa del Conte, g la u c o n it ic  limestone fa c ie s .
Cement overgrowths on the two echinoid gra ins  
( l e f t  cen tre  and r ig h t  c en tre )  hold the neigh
bouring gra ins in t h e i r  o r ig in a l  r e l a t i v e  pos
i t io n s .  Elsewhere in  the rock, compaction has 
occurred re s u l t in g  in a reductio n  in  p o ro s ity  
and area l pressure s o lu t io n  contacts between 
g ra in s .  The echinoid  cements th e re fo re  p re 
date compaction and represent a f i r s t  period  
cement. Scale 41 x

P la te  5.33 Costa del Conte, g la u c o n it ic  limestone fa c ie s .
F i r s t  period cement is  represented by s yn tax ia l  
overgrowths on echinoid gra ins (which hold the 
neighbouring gra ins in  p o in t  c o n ta c t ,  bottom 
r ig h t  and l e f t )  by small equidimensional c ry s 
ta ls  on the T e x t u la r i id  (c e n tre )  and the a lg a l  
c la s ts  (top r i g h t ) ,  and by s y n ta x ia l  overgrowths 
on the Ueterostegina/OpeTcutina fragments ( r i g h t  
c e n t re ) .  Second period cement forms the blocky  
pore f i l l .  Scale 105 x

P la te  5 .34 B a t t e l l a r o ,  sandy limestone f a c ie s .  F i r s t  p e r 
iod cement is  represented by s l i g h t l y  e longate  
to  bladed c ry s ta ls  on one b iv a lv e  fragment ( l e f t  
arrowed) by a sy n tax ia l  overgrowth on another  
b iv a lv e  fragment (top r i g h t ,  arrow ed), and by 
small equidimensional c ry s ta ls  l in in g  the small 
R o ta l i id  ( l e f t ) .  Second period cement is  re p 
resented by la rg e  c ry s ta ls  forming s u b p o ik i lo -  
top ic  tex tu res  around quartz  g ra ins  and by gran
u la r  mozaics f i l l i n g  pore space around G lob ig -  
e r in i id s  (bottom r i g h t ) .  Scale 105 x
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P la te  5 .35  Mt C a r d e l l i a ,  g la u c o n it ic  limestone fa c ie s .  F i r s t  
period cement is  represented by a s y n ta x ia l  over
growth on the echinoid g ra in  ( r ig h t  c e n tre )  and 
on the Hetevostegina/OperQulina or Spiroolypeus 
fragment ( l e f t ,  arrowed) and by small equidimen
s io nal c ry s ta ls  on the a lg a l  fragment (top c e n t r e ) .  
Second period cement is  represented by a blocky  
pore f i l l  (best seen centre  and l e f t ) .  Scale 105 x

P la te  5 .36 Mt C a r d e l l i a ,  g la u c o n it ic  limestone fa c ie s .  F i r s t  
period cement is  represented by wide s yn ta x ia l  
overgrowths on echinoid  gra ins  ( r ig h t )  and by 
small equidimensional c ry s ta ls  on the a lg a l  f r a g 
ments (arrowed, top centre  and l e f t ) .  Second p e r 
iod cement is  represented by pore f i l l i n g  gran
u la r  and blocky mozaics (bes t seen r i g h t  c e n t r e ) .  
Scale 105 x

P la te  5 .37 B a t t e l l a r o ,  g la u c o n it ic  limestone fa c ie s .  F i r s t  
period cement is  represented by s y n ta x ia l  over
growths on echinoid  gra ins (top  l e f t  and bottom 
r i g h t )  and by small equidimensional c ry s ta ls  
l in in g  the R o t a l i id  fragment (arrowed, l e f t  
c e n tre )  and the rock fragment (arrowed, r i g h t ) .  
Second period cement is  represented by the c ry s 
t a ls  forming the s u b -p o ik i lo to p ic  tex tu re s  
around the q u a rtz  grains ( r i g h t  c e n t r e ) .  Scale  
105 X





P la te  5 .38  Costa del Conte, g la u c o n it ic  limestone fa c ie s .
F i r s t  period cement is  represented by equid im 
ensional to  s l i g h t ly  e longate  c ry s ta ls  around 
the fo r a m in i fe ra .  Second period cement is  
represented by a blocky pore f i l l .  Scale 105 x

P la te  5 .3 9  Costa del Conte, g la u c o n it ic  limestone fa c ie s .
F i r s t  period cement is  represented by e q u i
dimensional to  s l i g h t l y  e longate  c ry s ta ls  
around the Nephrolepidina and Miogypsina f o r 
a m in ife ra .  Second period cement is  represented  
by a blocky pore f i l l .  Scale 105 x

P la te  5 .40  B a t t e l l a r o ,  sandy limestone fa c ie s .  S u b -p o ik i1 
otopic  cement te x tu re s  are seen throughout the 
sediment; no c e n t r ip e t a l ly  enlarged spars are  
present. The cement which f i l l s  pore space, 
belongs to  the second period generation since  
small amounts o f compaction, represented by 
pressure s o lu t io n  contacts between gra ins  
(arrowed) can be recognised. Scale 105 x
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P la te  5.41 B a t t e l la r o ,  sandy limestone fa c ie s .  P o ik i lo to p ic  
(arrowed) and s u b -p o ik i lo to p ic  cement tex tu re s  
are present throughout the rock, f i l l i n g  pore 
space. The cement belongs to  the second period  
genera tion  since small amounts o f  compaction can 
be recognised. Scale 105 x

P la te  5 .42  Costa del Conte, g la u c o n i t ic  limestone fa c ie s .
Stained peel photomicrograph showing zones o f  
fe rro an  (s ta in ed  blue w ith  potassium f e r r i -  
cyanide) and non-ferroan  c a l c i t e  (uns ta ined ) in  
the f i r s t  period cement which coats some gra ins  
(a rrow ed). The second period cement, which 
f i l l s  the remaining pore space, is  not zoned 
and is  formed o f fe rro an  c a lc i t e  throughout.  
Scale 105 x

P la te  5 .43  B a t t e l l a r o ,  g la u c o n i t ic  limestone fa c ie s .  The 
angular q u a rtz  g ra in  (c e n tre )  is  r e s is t a n t  to  
pressure s o lu t io n .  The neighbouring Amphistegina 
(crrowed) and g laucon ite  g ra in  (arrowed) p r e f e r 
e n t i a l l y  go in to  s o lu t io n  to accommodate i t .
Scale 105 x





P la te  5 .44  B a t t e l l a r o ,  g la u c o n i t ic  limestone fa c ie s .  Comp
a c t io n  has re s u lte d  in  the fo r a m in i fe r id  ( a r 
rowed) p r e f e r e n t ia l l y  going in to  s o lu t io n  to  
accommodate the la rg e  q u artz  g ra in  (c e n t r e ) .
This q u a r tz  g ra in  a lso  shows a pressure s o lu t io n  
contact with the quartz  g ra in  on i t s  r ig h t  which 
has f ra c tu re d  and shows signs (s tra in e d  e x t in c 
t io n )  o f  l a t t i c e  d is t o r t io n  a t  the pressure s o l 
u t io n  c o n ta c t .  (Cross p o la r ised  l i g h t ) .  Scale  
105 X

P la te  5 .45 B a t t e l la r o ,  g la u c o n i t ic  limestone fa c ie s .  The 
Spiroolypeus fragment (arrowed) and the echinoid  
fragment (arrowed) p r e f e r e n t ia l l y  go in to  s o l 
u t io n  to  accommodate the neighbouring g la u co n ite  
p e l l e t .  Scale 105 x

P la te  5 .46 Serra Lunga, sandy limestone fa c ie s .  Compaction 
has re s u lte d  in  the f r a c tu r in g  o f  the two ne igh 
bouring q u a r tz  gra ins (c e n t r e ) .  A s in g le  c ry s 
ta l  o f  second period cement f i l l s  the f r a c tu r e  
in  the lower g ra in .  Scale 105 x





P la te  5 .47  Serra Lunga, sandy limestone fa c ie s .  Compaction 
has re s u lte d  in  the f r a c tu r in g  of the qu artz  
g ra in  ( l e f t  c e n t r e ) .  The f ra c tu re s  are  l a t e r  
f i l l e d  by second period cement which is  th e re 
fo re  post compaction in  t im in g . Scale 105 x





GLAUCONITE

P la te  6.1 Western N adore llo  Upper Oligocene. G lauconite  is  
present as y e l lo w ,  orange-brown and opaque i n 
f i l l s  to  the chambers o f  fo u r  abraded Nephro- 
lepidina forami ni fe ra  and as orange-brown and 
opaque i n f i l l i n g s  to  borings and pores in  a s in 
g le  Heterostegina/OpeTGulina fo ra m in i f e r i d  ( t o p ) .  
Scale 105 x

P la te  6 .2  Western N adore llo  Upper O ligocene. G lauconite  is  
present as orange-brown and opaque i n f i l l s  to  
fo ram in i f e r id  chambers; pores in  the w a lls  o f  
Amphistegina ( tbp  r i g h t ) ;  and pores in  the  ech in -  
oid g ra in  (top l e f t )  which i t  a lso  p a r t i a l l y  rep
laces . Scale 105 x





PHOSPHORITES: FIELD VIEWS

P la te  7.1 Donnalucata, SE S i c i l y .  The dark limestone
(c e n tre )  is  phosphatised and forms a f l a t  topped 
hardground. The m ottled  appearance to  the top 
of the bed is  caused by the i n f i l l  o f  a 
Thalassvno'ides paradoxioa burrow system w ith the  
o v er ly in g  l i g h t  grey limestone which contains  
small phosphatic limestone c la s ts  (seen as black  
specks in  the l im estone , top r i g h t ) .  The hammer 
is  260 mm long .

P la te  7 .2  A general v iew  (looking e a s t)  o f  the loca l suc
cession a t  Contrada le  S erre ,  north o f  Ragusa, 
SE S i c i l y .  The prominent massive u n i t  is  the  
" l i v e l l o  a banchi c a l c a r e n i t i c i "  of the l i t e r 
a tu re .  The two phosphorite beds o f P la te  7 .3  
are located a t  the top o f the massive u n i t .

P la te  7 .3  Close view o f  the two phosphorite  horizons (top  
and bottom) a t  Contrada le  Serre (P la te  7 . 2 ) .  
The phosphorite conglomerates are formed of  
c la s ts  o f G lo b ig e r in i id  wackstone held in  a 
m atr ix  o f  benthonic fo r a m in i fe r id  lim estone.
The lens cap is  55 mm d ia .
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P la te  7 .4  The lower main phosphorite bed o f the M altese
is lands  exposed on the north  coast o f  Gozo west 
of Xwieni Bay. The Lower G lo b ig erin a  Limestone 
(bottom) te rm inates  in  a phosphatised hardground 
with rough, hackly r e l i e f  ( c e n t r e ) .  The hollov/s 
o f th is  hardground are  then i n f i l l e d  by a dark 
coloured phosphorite conglomerate which extends 
down in to  the Lower G lob ig erina  Limestone 
Formation by means of i n f i l l  to  a Thalassinoides 
burrow system. The hammer is  290 mm long.

P la te  7 .5  A c lo ser  v iew o f  the hardground and phosphorite  
conglomerate in  P la te  7 .6  shows the depth and 
e x te n t  o f  the hollows in  the hardground, the  
th ickness o f the conglomerate, and a c le a r e r  v iew  
of the conglomerate i n f i l l i n g  the Thalassinoides 
burrow system. The hammer is  290 mm long.

P la te  7 .6  A hollow  in  the Lower G lob ig erina  Limestone below 
the hardground is  i n f i l l e d  w ith  phosphorite  con
glomerate which contains phosphatised limestone  
pebbles and phosphatised s o l i t a r y  cora l moulds. 
The lens cap is  55 mm d ia .





P la te  7 .7  The upper main phosphorite bed (c e n tre )  o f  the  
Maltese is lands exposed on the north  coast o f  
Gozo, west o f Xwieni Bay. The bed, 1 -1 .5  m 
th ic k  and dark in  c o lo u r ,  forms a r e s is t a n t  
l i th o lo g y  a t  the base of the Upper G lob igerina  
Limestone Formation.





P la te  7 .8  Close view o f  the base o f  the conglomerate bed in  
P la te  7 .7 .  The conglomerate is  composed o f  phos
phatised limestone c la s ts  held in  a m atr ix  o f  
fo ram ini f e r a l  wackestone. The top o f  the white  
Middle G lob ig erina  Limestone is  h e av i ly  b io tu r -  
bated and i t s  burrows are i n f i l l e d  by the cong
lom erate . The lens cap is  55 mm d ia .

P la te  7 .9  Close view o f  the base o f  the conglomerate bed in  
P la te  7 .7  showing i t  i n f i l l i n g  th e  b io tu rb a ted  
top o f  the Middle G lob ig erina  Limestone. The lens  
cap is  55 mm d ia .
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PHOSPHORITES: MICROFACIES

P la te  7 .10  Dark and opaque f r a n c o l i t e  occurring as d i f fu s e  
spots sometimes i n f i l l i n g  and rep lac in g  
fo ra m in ife ra  (bottom r ig h t )  in  a chalk  c la s t  from 
the Upper Oligocene basal conglomerate a t  Nadorello  
e a s t ,  SW S i c i l y .  L ig h t coloured f r a n c o l i t e  is  a lso  
present, p ro g re ss iv e ly  rep lac ing  the limestone  
around a boring (bottom l e f t ) .  Scale 41 x

P la te  7.11 A lte rn a t in g  laminae o f dark and opaque f r a n c o l i t e  
with  l i g h t  coloured f r a n c o l i t e  observed p a r a l le l  
to  a surface boring in  a chalk  c la s t  from the 
Upper Oligocene basal conglomerate a t  Nadore llo  
e a s t ,  SW S i c i l y .  The dark and opaque laminae are  
discontinuous and contain  rounded spots (a rrow ed).  
(The i n t e r i o r  o f  the c la s t  is  towards the top o f  
the v ie w ) . Scale 410 x

P la te  7 .12  Dark c la s ts  o f phosphatised limestone (bottom l e f t  
and top) are held in  a m a tr ix  o f  l i g h t  phosphat
ised limestone which i n f i l l s  the burrows o f the 
hardground a t  Donnalucata, SE S i c i l y  (P la te  7 . 1 ) .  
F ra n c o l i te  is  present as dark and opaque i r r e g u la r  
shaped areas in  the c la s ts  and as the l i g h t  c o l 
oured m atr ix  (which is  p e tro g ra p h ic a l ly  the same 
as th a t  i l l u s t r a t e d  in  P la te  7 .1 4 )  in  the sédiment 
between the c la s ts .  Scale 41 x
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P la te  7 .13 F ra n c o l i te  is  present as dark and opaque p e l le t s  
(top l e f t ,  r ig h t  c e n tre )  and as opaque i n f i l l s  
to  G lo b ig e r in i id s  in  the sediment immediately  
overly ing  the hardground a t  Donnalucata, SE 
S i c i l y .  Scale 105 x

P la te  7 .1 4  Y ellow  orange to orange brown f r a n c o l i t e
has replaced the carbonate mud m atr ix  of th is  
l imestone which forms the hardground a t  
Donnalucata, SE S i c i l y .  Scale 105 x

P la te  7 .15  F r a n c o l i te ,  a s im i la r  co lour to th a t  seen in  
P la te  7 .1 4 ,  forms the m a tr ix  o f  th is  hard -  
ground limestone from Donnalucata, SE S i c i l y .  
The f r a n c o l i t e  forms a carious te x tu re  with  
c a lc i t e  c ry s ta ls  (arrowed) suggesting i t  is  
rep lac in g  them or being replaced by them. 
Scale 105 x
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Pla te  7 .16  Donnalucata, SE S i c i l y .  F ra n c o l i te  in  the
G lo b ig e r in i id  chambers (c e n tre )  forms a carious  
te x tu re  with the c a lc i t e  cement. Scale 410 x

P la te  7 .17 F ra n c o l i te  forms th in  l i g h t  coloured coatings on 
c la s ts  from the lo v e r  phosphorite  conglomerate  
o f the Lower Miocene a t  Qammieh, M altese is lands  
The sharp boundaries to  the coatings suggest 
th a t  they are a primary p r e c ip i t a t e ,  ra th e r  than 
a replacement of the lim estone. Scale 41 x

P la te  7 .18  The photomicrograph shows a boring in  the s u r 
face of the hardground a t  the top o f  the Lower 
Globigerina  Limestone a t  Qammieh, Maltese  
is la n d s . This boring has been coated w ith  
f r a n c o l i t e  (A) p a r t i a l l y  f i l l e d  with sediment 
(B) fu r th e r  coated by f r a n c o l i t e  (C) f i l l e d  
w ith  sediment (D) and f i n a l l y  coated w ith  the  
opaque f r a n c o l i t e  (E) Wiich a lso  extends over 
the surface of the hardground. Scale 41 x





Figure 1.5 Outcrop and locality map
Upper Oligocene and Lower Miocene

(adapted from Mascle 1979)
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