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CHAPTER 4 

THE V AJONT LIMESTONE, 

SOUTHERN ALPS, NORTHERN ITALY 

4.1 General Introduction and Setting 

4.1.1 Introduction 

The first major oolitic sandbody to be described as resedimented, and therefore the 

most geologically renowned, is that of the Vajont Limestone from the Jurassic of the 

Venetian Pre- Alps of the Southern Alps, northern Italy. This major carbonate 

sandbody probably forms one of the thickest stratigraphic accumulations of oolite in 

the geological record, locally being up to 800m thick. The Vajont Limestone outcrops 

in the vicinity of the towns of Vittorio Veneto, Longarone and Belluno (Fig. 4-1) 

where the facies of a NNE-SSW Jurassic rift basin known as the Belluno Trough are 

exposed. The Vajont Limestone stratigraphically overlies a basinal sequence which 

includes Toarcian organic-rich shales, its upper extent being marked by an abrupt 

transition to radiolarite facies. The Vajont Limestone displays the greatest longevity of 

the three sandbodies considered, persisting for some 15 million years from the early 

Bajocian probably until the lower Callovian (although previous workers considered the 

upper limit to be the Lower Oxfordian), and formed a major resedimented wedge of 

oolitic grainstone at least 100km long and up to 50km wide, that varied in thickness 

between 800-100m. 

The thick accumulation of oolitic grainstone sandwiched between basinal facies of the 

Belluno Trough posed geological problems for early workers, who questioned the 

existence of the basin and envisaged tectonic uplift to explain the presence of these 

shallow water carbonate sands within the basinal succession [Aubouin 1964; Caseti & 

Tornai 1969]. It was Bosellini & Masetti [1972] (in the University of Ferrara Journal) 

who first proposed that the Vajont Limestone was resedimented and the product of 

turbidites that formed an oolitic fan. This work did not become widely known until 

1981 upon the publication of two internationally available and classic papers on the 

Jurassic of the Southern Alps by Bosellini et al. [1981b] and Winterer & Bosellini 

[1981]. 
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Bosellini et al. [1981 b] described the Vajont Limestone as a fan, but clearly stated that 

they did "not have a clear idea of what kind of submarine fan is represented by the 

Vajont, in terms of current models". This important paper prompted the search for 

resedimented oolitic sandbodies elsewhere in the Tethyan realm, which were 

subsequently described from Portugal by Wright & Wilson [19841; from Oman by Watts 

& Garrison [1986], Watts [1987], Blendinger [1988] and Cooper [1989]; from Morocco 

by Halliwell-Hazlett [1988]; and from Mallorca by Alvaro et al. [1984]. 

Considering the importance of the Vajont Limestone, it was deemed necessary to re

evaluate it in the light of the apron model which was developed subsequent to the work 

of Bosellini et al. [1981a and b] and Winterer & Bosellini [1981], and also to elucidate 

on the specific controls that governed the development of this major stratigraphic 

accumulation of resedimented oolitic sands. 

4.1.2 Regional geological setting 

The Southern Alps were not caught up in the nappes that 'telescope' other Alpine 

regions (such as the Swiss Alps) (Fig. 4-2, A), the Alpine tectonics in this region 

preserving the original relationship between the different Jurassic palaeogeographic 

domains [Bosellini & Doglioni 1986; Doglioni & Bosellini 1987]. Hence the Southern 

Alps provide the most intact cross-section of a Jurassic passive continental margin in 

the Mediterranean region and the Jurassic facies patterns may be interpreted without 

major palinspastic correction [Winterer & Bosellini 1981]. The Jurassic stratigraphy of 

the Southern Alps records the rifting and subsidence history of the southern continental 

margin of the Ligurian Ocean (Fig. 4-2, Band C; also refer back to Figs. 1-2 and 1-3). 

The Southern Alps are a major structural sub-division of the Alpine chain (Fig. 4-2, 

A) and are a south-vergent thrust belt defined to the north and west by the Insubric 

Lineament [Laubscher 1985; Doglioni & Castellarin 1985; Doglioni & Bosellini 1987] 

(Fig. 4-3). The Valsugana line, a NE-SW lineament, defines the Dolomites in the north 

from the Venetian Prealps in the south [Doglioni 1987]. Both the Insubric line and the 

Valsugana line were major Jurassic structural lineaments [e.g. Bosellini et al. 1981 b; 

Winterer & Bosellini 1981; Castellarin 1982; Doglioni 1987], reworked in the Alpine 

. orogeny. 
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Figure 4-1 

Map to show the location of sections mentioned 
in the text. 
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During the Permian-Middle Jurassic, the Southern Alps experienced a long history of 

rifting and subsidence, which resulted in a series of NNE-SSW trending structural 

linear "highs" (plateaux) and "lows" (basins or troughs) [Winterer & Bosellini 1981; 

Doglioni & Bosellini 1987] that ran parallel with the Ligurian Ocean rift zone [Bosellini 

1965; Doglioni 1986; Dercourt et al. 1986}. From west to east, five major 

palaeogeographical domains are recognized: the Arbostura swell; the Lombard Basin; the 

Trento Plateau; the Belluno Trough and the Friuli Platform (Figs. 4-2 and 4-3). The 

earliest collapse occurred in the west in the Lombard Basin, during the middle and late 

Hettangian [Winterer & Bosellini 1981}. This major basin was separated from the 

Trento Plateau by the Garda Fault escarpment (Fig. 4-3). 

Recently, it has been proposed that the Southern Alps consisted of five eastward 

propagating (Le. eastward younging) half -grabens, each with a west tilted floor and 

bounded to the west by an east-dipping master fault. Antithetic faults are proposed to 

divide each half -graben into a western depocentre and an eastern shallower and less 

subsident ramping marginal plateau [Sarti et al. 1988]. The timing of half-graben 

formation suggests an easterly step-wise extension in the Liassic and the grabens are 

from west to east (and hence oldest to youngest): (I) M. Nudo trough - Arbostora 

swell; (2) M. Generoso trough - Albenza swell (or the M. Cavallo ridge); (3) West 

Sebino trough - Botticini high; (4) East Sebino trough - Trento Platform and (5) 

Belluno Trough - Friuli Platform (half grabens I to 3 all form within the Lombard 

Basin of Winterer & Bosellini [1981]) (see Fig. 4-2 & 4-3). 

During the Jurassic, the region was also under the influence of transform tectonics, 

shearing by northerly wrenching along the Insubric Lineament (Fig. 4-3) which was an 

extension of the Ligurian Ocean transforms [Castellarin 1982]. The extensional 

tectonism of the region was therefore most likely to have been controlled by these 

major strike-slip faults [Doglioni 1987]. The Jurassic palaeogeographic "highs" and 

"lows" (Fig. 4-2) also acted as different blocks during Alpine thrusting, the "highs" or 

swells tended to act as rigid bodies. while the "lows" or basins experienced strong 

internal deformation. Thus the Trento Platform and the Friuli Platform (the latter 

platform acting as the stable foreland) suffered minimum internal contraction and 

experienced little tectonic shortening. In contrast. the Lombard Basin became strongly 

deformed, suffering lOOkm of overthrust shortening, while the Belluno Trough acted in 

a similar manner but was shortened by only 50-60km [Doglioni & Bosellini 1987; M 

Burchill, written communication]. 
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Figure 4-2 

A) To show the principal tectonic provinces 
of the Alps, and their relationship to the 
Southern Alps of north Italy. Arrows show 
direction of overthrusting (from Winterer & 
Bosellini [1981]). 

B) East-west cross-section through the Southern 
Alps as proposed by Bosellini et al. [1981b]. 
(1) Variscan basement;(2) Oceanic basement; (3) 
Jurassic platform carbonates; (4) Jurassic basinal 
sediments; (5) Triassic sediments. 

C) East-west cross-section through the Southern 
Alps, as proposed by Bosellini & Winterer 
[1981]. 
(J) Calcareous turbidites; (2) calpionellid 
limestones; (3) aptychus limestone; (4) 
radiolarite; (5) bioclastic turbidites and basinal 
limestone; (6) oolitic turbidites; (7) red nodular 
limestones (Toarcian); (8) basinal limestone; (9) 
ammonitico rosso (Upper Jurassic); (10) 
ammonitico rosso (Middle Jurassic); (11) 
siliceous basinal limestones and bioclastic 
turbidites; (12) oolitic limestone; (13) platform 
limestone; (14) reef limestone; (15) Triassic 
carbonates; (16) Permian igneous rocks. (From 
Winterer & Bosellini [1981]). 
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4.1.3 Structural configuration of the Trento-Belluno-Friuli region 

The Belluno Trough, the basin that accumulated the Vajont Limestone, was a 

structurally controlled depression some 50km wide, that served to separate the Friuli 

Platform to the east from the Trento Platform to the west (Fig. 4-3). The strong NNE 

structural grain of this region is thought to be inherited from a phase of Permo-

Triassic sinistral transpression [Castellarin & Rossi 1981; Doglioni 1987]. The Trento 

Platform was between 80-100km wide, and acted as a resistant structural high during 

the early rifting phase. having become studded with batholiths and dykes during the 

Late Palaeozoic and Triassic [Bosellini et al. 1981 b; Castellarin & Rossi 1981]. The 

Trento platform drowned in the early Bajocian to become a submerged pelagic plateau 

during the deposition of the Vajont Limestone and for the remainder of the Jurassic 

[Massari 1983]. The Friuli Platform was the stable continental margin of the Apulia 

Plate, which was the northern promontory of the major African plate. This platform 

sourced the oolite that formed the Vajont Limestone. and remained a shallow water 

carbonate platform throughout the Jurassic and Cretaceous [Bosellini et al. 1981a and b; 

Winterer & Bosellini 1981]. 

The eastern margin of the Trento Platform was bounded by a major fault known as the 

Marmol line [Bosellini et al. 1981a] which under the scheme of Sarti et al. [1988] was 

an east-dipping listric master fault. This fault is exposed at Val Vesco va, north of 

Belluno (Fig. 4-5, A) and had an estimated original relief of 700-800m [Bosellini et al. 

1981b]. The eastern faulted margin of the Trento Platform was off-set by NE-SW 

faults, the northern fault being the Valsugana line (Fig. 4-3). 

Foundering of the eastern margin of the Trento Platform led to a westward propagating 

collapse of the margin [Bosellini et al. 1981a] as a result of synthetic faults propagating 

back from the footwall scarp. This produced a series of narrow downfaulted tilt

blocks running parallel to the strike of the eastern edge of the Trento Plateau forming 

a stepped margin [Massari 1983] (see following Section). 

The margin between the FriuIi Platform and the Belluno Trough is not exposed 

(Bosellini el al. 1981a and b] but was originally assumed to be defined by a west

dipping graben boundary fault [Bosellini et al. 1981a], forming a full graben in the 

Belluno Trough (Fig. 4-2,B). Under the scheme of Sarti el al. [1988] the Friuli 

Platform is an eastern ramping plateau, and was probably separated from the Belluno 

Trough by west-dipping antithetic fault or faults in the hanging wall dip-slope, which 
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Figure 4-3 

Location and structural control of the Belluno 
Trough, an the Trento and Friuli Platform. 
(Modified from Bosellini et al. [1981 b) after 
Castellarin [1982]). 
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served to down throw the hangingwall basement of the half -graben to form the Belluno 

Trough. 

The Belluno Trough was a Jurassic feature 50km wide and some 150km long, 

resembling the present day Tongue of the Ocean from the Bahamas (Fig. 2-1) in 

dimensions (see Section 4.4.1). The Belluno Trough probably also closed to the south, 

like the Tongue of the Ocean, as wells drilled by AGIP Mineraria on the Po Plain 

south-west of Venice contacted shallow water carbonates coeval to basinal facies of the 

Belluno Trough [Bose1lini el al. 1981 a and b; Winterer & Bosellini 1981]. Northward 

the Belluno Trough connected to the east with the Pennine ocean trough (Fig. 4-3). 

4.1.4 Jurassic Stratigraphy of the Trento-Belluno-Friuli regions 

4.4.1 The Trento Platform 

The Valsugana Line (Fig. 4-3) sub-divided the Trento Platform into a northern block 

(the Dolomites) which evolved differently to the southern block (the Venetian Alps) 

during the mid-Lower Jurassic. Prior to this, peri-tidal limestone facies of the Calcari 

Grigi were widespread (Fig. 4-4) and reached a maximum thickness on the platform 

margin of 700-800m [Bosellini et al. 1981b]. During the middle Lower Jurassic, oolitic 

barrier shoals and bars rimmed the southern block and show evidence for periodic 

emergence. These oolitic rims protected a large internal lagoonal complex of 

mudstones, peloidal wackestones, black shales and occasional coal beds. In the 

Dolomites, on the northern block of the Trento Platform, crinoidal tidally-driven sand

waves formed in shallower water, with crinoidal packstones at deeper levels [Masetti & 

Bottoni 1978]. 

On the southern block, the Lower Jurassic Calcari Grigi is separated from the overlying 

San Vigilio Group (Toarcian-Aalenian) by a prominent regional unconformity of early 

Toarcian age [Barbujani et al. 1986], which is interpreted to be the result of an early 

aborted drowning of the Trento Platform. This caused tilting of the platform, to create 

a gently dipping westward-facing ramp. The San Vigilio Group consists of five 

lithofacies of which the San Vigilio Oolite is the most distinctive, consisting of cross

bedded, tidally influenced oolitic sands, the other lithofacies being marly limestones. 

The San Vigilio Oolite itself is thought to have formed within a relative lowstand of 

sea-level [Barbujani et al. 1986]. 
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Figure 4-4 

Stratigraphic relationships between the facies of 
the Belluno Trough and those of the adjacent 
platforms - modified from Bosellini et al. [1981a 
and b] after Masetti [1983] and Baumgartner 
[1987]. 
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Figure 4-4 

Stratigraphic relationships between the facies of 
the Belluno Trough and those of the adjacent 
platforms - modified from Bosellini et al. [1981a 
and b] after Masetti [1983] and Baumgartner 
[1987]. 
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The southern block of the Trento Platform drowned in the Bajocian to become the 

Trento Plateau [BoselIini et al. 1981 b], this transition being marked by a manganese 

crust, is overlain by the late Bajocian-middle Callovian Ammonitico Rosso Inferiore 

(2-14m thick). Thin Bajocian sequences of clean, current washed Posidonia coquinas 

(known as the Posidonia a/pilla beds) commonly underlie and interfinger with the 

ammonitico rosso facies [Sturani 1971 ~ Massari 1983]. These ammonitico rosso facies 

are dominated by oncolitic-stromatolitic fabrics, indicating their formation within the 

photic zone [Ogg 1981; Massari 19831. The Fonzaso Formation, a cherty radiolarian

rich limestone is present only over a few areas of the platform and varies between 0-

35m in thickness [Bosellini et al. 1981; Baumgartner 1987]. On the Trento Plateau, 

radiolarite deposition occurred from the middle-late Oxfordian, probably after a hiatus 

[Baumgartner 1987]. This contrasts with radiolarites from the early Callovian onwards 

in the Lombard Basin to the west [Baumgartner 1987]. During this time, the 

Ammonitico Rosso Inferiore has been shown to have continued up into the middle or 

late Callovian on the Trento Plateau [Sturani 1964; Baumgartner 1987]. Thus, 

deposition of lime-free radiolarites in the Lombard Basin, west of the Trento Plateau 

was coeval with the nodular limestones of the Ammonitico Rosso Inferiore on the 

Trento horst. The dating of the Fonzaso Formation on the Trento Plateau led Winterer 

& Bosellini [1981] and BoselIini et al. [1981 a and b] to propose that the radiolarites in 

the Belluno Trough were also Oxfordian in age; however this is likely to be an 

incorrect assumption. The radiolarite record of other Western Tethyan basins suggests 

the late Middle Jurassic, from the latest Bathonian-late Oxfordian/early Kimmeridgian 

was a time of high radiolarian productivity and radiolarite deposition (see Section 

1.3.1 ). 

However, no Bathonian-Callovian radiolarites are preserved on swell regions during this 

time [Baumgartner 1987). By the late Oxfordian, basinal radiolarites tend to become 

slightly calcareous (the knobbly radiolarites of Bosellini & Winterer (1975]) and at the 

same time, these facies encroach the swell topography [Baumgartner 1985] as shown on 

the Trento Plateau by Sturani [1964]. The absence of the early Bathonian-Callovian 

radiolarites on the swells is not considered to be a function of the CCD [Baumgartner 

1987], rather it is thought that persistent currents prevented radiolarians from 

accumulating on the swells and carried them into the basins; it is believed that this 

current activity, combined with the scarcity of calcareous plankton at the time, led to 

the observed facies contrasts between the basins and swells. The low concentration of 

calcareous plankton together with a vigorous circulation also explains the shallow and 

irregular CCD of this period. 
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Figure 4-5 

A) Faulted eastern margin of the Trento 
Platform, Val Vesco va, north of Belluno (from 
Bosellini et al. [1981 b n. 
B) Detail of the eastern margin of the 

. Trento Platform in the Belluno-Longarone area 
(from Bosellini et al. [1981a]). 
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The Fonzaso Formation is succeeded by the Ammonitico Rosso Superiore (Upper 

Oxfordian to Tithonian) (lOrn thick) which shows a lower frequency of cryptalgal 

structures than the Ammonitico Rosso Inferiore and may also contain marly interbeds 

[Massari 19831. Where the Fonzaso Formation is absent, a thin ferro-manganese rich 

hard-ground may separate the Ammonitico Rosso Inferiore from the Ammonitico Rosso 

Superiore [Bosellini et al. 1981 b] which is then overlain by the calpionellid limestones 

of the Maiolica [Winterer & Bosellini 1981]. 

During the late Oxfordian, calcareous plankton production increased and/or current 

activity decreased, leading to an overall commencement of deepening of the ACD 

(aragonite compensation depth) and CCD (carbonate compensation depth) and better 

carbonate preservation with depth. It is because of diminished current activity that 

radiolarites started to accumulate on the swells, like the Trento plateau. The presence 

of the radiolarites on the swells is not, therefore, a function of the CCD [i.e. Winterer 

& Bosellini 1981] but actually records a deepening of the CCD [Baumgartner 1987]. 

This implies that the base of the Fonzaso Formation on the Trento Plateau is 

considerably younger than the base of the expanded Fonzaso Formation within the 

Belluno Trough. 

On the eastern margins of the plateau, thin sequences of the Vajont Limestone may 

occur between the Ammonitico Rosso Inferiore and the Fonzaso Formation, where 

oolitic turbidites spilt onto the edge of the submerged plateau (see Section 4.3.3). 

4.1.4.2 The Belluno Trough 

The Soverzene Formation (Hettangian-Pliensbachian) facies are the first to be deposited 

in the Belluno Trough, over the rifted basement of the Triassic Dolomia Principa1e 

[Bosellini 1973; Winterer & Bosellini 1981; Bosellini et al. 1981b] (Fig. 4-4). This 

formation varies in thickness and nature within the Belluno Trough; it is thinnest 

towards the centre of the basin (200m) where it is characterized by thin-bedded cherty 

mudstones and wackestones, being thickest near the western faulted edge of the 

Belluno Trough. In this region, fault-generated breccias and turbidites form sequences 

between SOO-800m thick. The Pelf Breccia is a massive, chaotic, dolomitized breccia 

containing angular clasts of chert and eroded blocks of the Triassic Dolomia Principale. 

The Pelf Breccia was sourced from a major canyon that formed along a sinistral off -set 

along the eastern edge of the Trento Platform. The deep fault-controlled canyon cut 
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down into the underlying Dolomia Principale and fed debris up to lSkm eastwards into 

the Belluno Trough (Fig. 4-S, B). North of the Pelf area (Fig. 4-S, B), growth faults 

along the margin of the Trento Plateau controlled deposition of the Erbandoli 

Calcarenite. This formation is a ISO-200m thick wedge of oolitic-skeletal grainstone 

debris intercalated with muds and wackestones, that masks the syn-genetic fault system 

[Masetti et al. 1982; Bosellini et al. 1981a and b]. 

The Igne Formation (Toarcian-Aalenian) directly overlies the Soverzene Formation, and 

is a group of marine pelagic limestones that vary both in nature and thickness (80-

150m) within the Belluno Trough [Casati & Tomai 1989; Bosellini et al. 1981b] (Plate 

4-1). The most distinctive facies within the Igne Formation is the occurrence of 

Toarcian (falci/erum zone) organic-rich shales (Plate 4-1, A) [Jenkyns 1985; Jenkyns et 

al. 1985]. The Igne Formation outcrops most characteristically on the north side of the 

Vajont Gorge near Longarone (for locality see Fig. 4-1). Here a 90cm thick, belemnite 

bearing pink-micritic pelagic limestone is overlain by 9m of black to brown, finely 

laminated organic-rich shales, interbedded with thin, fine-grained manganoan 

limestones [Jenkyns et al. 1985]. Overlying the shale-rich horizon is 4m of regularly 

bedded fine-grained limestones and marls, overlain by 7 and 3.6m respectively of grey 

and red ammonitico rosso-type nodular limestones. These nodular facies are then 

overlain by 30m of thin-bedded, dolomitized, light coloured calcareous marls, rich in 

Posidonia and radiolaria which may be affected by slide-scars (Plate 4-1, B). Thin 

laminations within this facies are considered to reflect the activity of deep boundary 

contour currents [Bosellini et al. 1981 b]. 

At Rizapol, some 6km west of the Vajont Gorge locality, the Igne Formation locally 

contains chertified slumped rubble (Plate 4-1, C), and the organic-rich facies which 

may be thick-bedded thin and pinch out, being banked up against the slump-induced 

"highs" [Jenkyns et al. 1985; and personal observation by the author] (Plate 4-1, A). At 

Longarone (between Rizapol and the Vajont Gorge) (Fig. 4-1), the black shales and 

manganoan limestones (of which 12m are exposed) are overlain by 2m of grey nodular 

limestone and 3m of reddish-brown, very marly basinal type ammonitico rosso facies 

(Plate 4-1, D). 

The organic-rich facies of the Belluno trough represent the /alc;/erum zone of the 

Toarcian [Jenkyns et al. 1985] and are the product of a regional 'black shale event' 

correlatable with similar facies of the same age in the North Sea and north-east 
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PLATE 4-1 

A) Toarcian organic-rich shale facies. Rizapol near 
Longarone. (Hammer in foreground ... 30cm.) 

B) Slide scar in the thin-bedded limestones of the Igne 
Formation. Southern side of the Vajont Gorge, Longarone. 
(Rubbish for scale.) 

C) Siliceous breccias of the Igne Formation (banked up 
against the Toarcian shales). Rizapol, near Longarone. 
(Hammer = 30cm.) 

D) Brown marly nodular limestone facies of the basinal 
Igne Formation. Road section Longarone-Igne. 
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England, France, Germany. as well as other Tethyan regions where the organic-rich 

shales have a patchy distribution [Bernoulli & Jenkyns 1974; Jenkyns 1985]. Their 

stratigraphic presence within the falciferum zone is a function of plate tectonics and 

rifting, controlling gateways for bottom currents. Upwelling is indicated by the 

extinction and diversification of the ammonites at the Pliensbachian-Toarcian boundary 

with a marked reduction of benthos in the falciferum zone itself [Jenkyns 1985]. 

Upwelling also coincided with a marked sea-level highstand [Haq et al. 1987 and 1989] 

which combined to produce favourable conditions for high organic productivity. The 

nature of carbon in these shales is terrestrial and/or degraded marine organic carbon 

supplied by non-calcareous planktonic organisms [Jenkyns 1985; Jenkyns et al. 1985]. 

The Vajont Limestone varies between IOO-800m thick within the Belluno Trough 

where it disconformably overlies the Igne Formation (Plate 4-11, A and B) and may 

occasionally infill fractures in the underlying Igne Formation, forming sedimentary 

dykes [Bosellini et al. 1981b]. A phase of tectonic readjustment (downfaulting) is 

therefore indicated prior to the commencement of oolite resedimentation. The Vajont 

Limestone was considered to be early Bajocian to lowest Oxfordian by Bosellini et al. 

[1981a and b] and Winterer & Bosellini [1981]. However as mentioned previously when 

discussing the Trento Platform, subsequent work by Baumgartner [1987] in the 

Lombard Basin further west, indicates that the overlying Fonzaso Formation 

radiolarites are likely to be considerably older than previously thought; their lower 

stratigraphic boundary being in the latest Bathonian-early Callovian. There are as yet 

no available biostratigraphic dates for the Fonzaso Formation in the Belluno Trough 

[M. Sarti, personal communication 19891 since as in many Western Tethyan localities 

there are problems in dating this level. Considering the work of Baumgartner [19871 as 

well as by analogy with other areas of Western Tethys where radiolarites became 

widespread from the Upper Bathonian (Section 1.3.1), an early Callovian date is now 

assumed by the author for the upper limit of the Vajont Limestone (see also Section 

4.4.3). 

All palaeocurrent directions indicate an easterly provenance for the resedimented oolite 

from the Friuli Platform [Bosellini et al. 1981a and b], coeval facies on the submerged 

Trento Plateau were the Ammonitico Rosso Inferiore and in deeper levels Posidonia 

beds [Ogg 1981]. Syn-sedimentary down-faulting of the stepped margin of the Trento 

Plateau [Bosellini et al. 1981a; Massari 1983] allowed westward spillage of the Vajont 

Limestone turbidites onto these downfaulted palaeogeographic highs. In these areas, 
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PLATE 4-11 

A) View looking eastwards up the Vajont Gorge, 
Longarone. Thin-bedded light coloured limestones of Igne 
Formation are in abrupt contact with the grey and thickly 
stratified Vajont Limestone. 

B) Northern face of the Vajont Gorge, Longarone (viewed 
from the southern side) to show the abrupt and sheet-like 
contact between the thinly bedded Igne Formation and the 
massive basal unit of the Vajont Limestone. 

C) Ribbon radiolarites of the Fonzaso Formation exposed 
behind the Vajont Dam. (Lens cap [arrow] is Scm.) 

D) The marly radiolarites and bioclastic turbidites of the 
Soccher Limestone. Road to Col Visentin, Vittorio Veneto. 
(Hammer [arrow] is 30cm.) 
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the Vajont Limestone is thin, generally between 50-10m, and directly overlies 

ammonitico rosso facies (see Section 4.3.3 and also later Figs. 4-15 and 4-16). 

The Fonzaso Formation (late Bathonian/early Callovian-Lower Kimmeridgian [after 

Bosel1ini & Winterer 1981] with a modified lower limit after Baumgartner [1987]) 

abruptly overlies the Vajont Limestone and is a 20-80m basin-wide succession of thin 

bedded, dark, cherty ribbon-radiolarites (Plate 4-II, C). These facies may be finely 

parallel laminated, and where outcrop exposes bedding surfaces, horizontal trace fossil 

burrows are seen. These well bedded radiolarites are interpreted as forming in a deep

water environment, swept by bottom currents, which provided sufficient oxygen to 

support the limited ichnofaunal assemblage. The presence of these facies over Western 

Tethys is generally accepted to indicate the onset of drift in the Ligurian Ocean (see 

Section 1.1.3 and 1.3.3). 

Up-section and especially to the east of the Belluno Trough, the Fonzaso Formation 

becomes more marly and contains sporadic intercalations of sheet-like, encrinitic, 

bioclastic turbidites derived from the Friuli Platform. Where turbidites influx the 

Fonzaso, the facies are known as the Soccher Limestone (Fig. 4-4 and Plate 4-11, D). 

The presence of aptychi in the radiolarian-rich marls of the Soccher Limestone 

indicates their deposition below the ACD but above the CL Y [e.g. Bosellini & Winterer 

1975]. As on the Trento Plateau, the Fonzaso Formation in the Belluno Trough is 

succeeded by red nodular pelagic limestone (Ammonitico Rosso Superiore) and then the 

Majolica, white calpionellid limestones (see Section 1.3.3 and Fig. 4-4). 

4.1.4.3 The Friuli Platform 

The vast Friuli Platform was the stable "continental" margin of the Apulia plate, its 

facies now outcropping both in north-east Italy and extending eastwards into 

Yugoslavia (Fig. 4-3). During the Jurassic-Cretaceous, the platform accumulated a 

vertical thickness of 3000-4000m of Jurassic-Cretaceous shallow-water carbonates 

[Bosellini & Sarti 1978; Bosellini et al. 1981 b). The Lower Jurassic (Hettangian

Toarcian) facies are essentially the same as the Calcari Grigi of the Trento Platform. 

Platform marginal areas are characterised by oolitic grainstones, which are replaced 

eastwards by Lithosis lagoonal limestones [Bosellini et al. 1981 b 1 (Fig. 4-6). 
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Figure 4-6 

Jurassic stratigraphy of the Friuli Platform. For 
location, see Fig. 4-3. I. M.Pala section; 2 -
Ternowaner Wald (Trnovski Godz, Yugoslavia); 
3 .. Postojna (Yugoslavia). (From Bosellini el al. 
[1981b]). 
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The cross-bedded oolitic limestones of the Ternowaner Oolite represent the platform 

succession from the Lower Toarcian into the Middle Jurassic. This formation is the 

source of the oolite for the Vajont Limestone and attains stratigraphic thicknesses of 

between 500 and 700m [Bosellini et al. 1981b). It is the stratigraphic counterpart of 

both the San Vigilio Group and the lower part of the Ammonitico Rosso Inferiore of 

the Trento Plateau. Palaeocurrent directions are clearly bimodal, with a NNE direction 

[Bosellini et ai. 1973] which is the same direction indicated by cross-stratification in 

the San Vigilio Oolite [Barbijani et al. 1986]. 

The exact upper age limit of the Ternowaner Oolite is not precisely known and has not 

been dated [M. Sarti, personal communication 1989], although Bosellini et al. [1981b] 

suggest an upper Callovian-lower Oxfordian age. In Yugoslavia, the upper 8-IOm of 

the Ternowaner Oolite may be karstified, typically being reddened, fractured and 

dolomitized, containing intraformational breccias with a red clay matrix and syn

sedimentary dykes [Bosellini et al. 1981 b]. This horizon is overlain by a thick 

accumulation of dark, laminated crystalline dolomite, abruptly overlain by bioclastic 

grainstone and packstone. which after several tens of metres passes into Oxfordian reef 

facies. These "reefs" are formed of the hydrozoan Ellipsactinia along with corals, and 

are up to 700m in thickness (Fig. 4-6). 

BoseIlini et al. [1981 b] consider the abrupt cessation of oolite supply to be due to a 

eustatic sea-level fall in the Callovian. which exposed the platform. leading to 

karstification. The only major sea-level fall recorded by Haq el al. [1987 and 1989] 

for the Callovian is during the upper Bathonian (or the Bathonian-Callovian boundary 

[Hallam 1988]). This major eustatic sea-level fall is the most likely cause for exposure 

of the platform and would also correlate with coeval turbidite-free radiolarite 

deposition in the Belluno Trough (see Section 4.4.3). 

During the late Lower Jurassic, the western marginal area of the platform foundered in 

the Mount Pala-Mount Prat region (Fig. 4-6, A) and the Ternowaner Oolite is overlain 

by turbidites of the Vajont Limestone [Bosellini & Sarti 1978]. This is further evidence 

to suggest tectonic block-readjustment prior to, or syn-deposition of the Vajont 

Limestone. 
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4.2 The geomorphology of the Vajont Limestone sandbody 

The sedimentology of the Vajont Limestone has been described by Bosellini et al. 

[1981a] and also in BoseIIini et al. [1981b] and these papers, along with Winterer & 

BoseIIini [1981] formed the basis of the study. 

As already mentioned, the Vajont Limestone forms an oolitic sandbody that was at 

least 100km long within the confines of the BeIIuno Trough, and was at its widest just 

over 50km. Within the trough, vertical thicknesses vary between 800- 100m, being 

thickest towards the east [M. Sarti, personal communication] (Fig. 4-7). The sandbody 

consists almost entirely of stacked oolitic-peloidal grainstone turbidites, and as such 

reasoned estimates as to the volume of sediment involved range from a lower estimate 

of 1200kms (by taking an average thickness of 300m over a basin width of 40km) to as 

much as 2500kms (by taking an average thickness of 500m and a basin width of 50km). 

This demonstrates the sheer volume of oolite involved in resedimentation. Just as a 

comparison, the extensive blanket oolitic reservoir facies of the Jurassic Smackover 

Formation, Gulf Coast, U.S.A., have a volume in the order of 4100km3 (figure 

obtained from data in Moore & Druckman [1981]). However, while the Smackover 

covers an area of 10,400km2
, the Vajont covers an area of only 5000km2 and contains 

up to twice the volume of oolite contained within the Smackover Formation. 

The Vajont Limestone extended up to a further 20km westwards from the margin of 

the Belluno Trough, where it over-spilt the step-faulted eastern margin of the Trento 

Plateau (Fig. 4-7). In these areas the sandbody reaches thickness of 0-1 OOm. With 

palaeocurrents and palaeogeography dictating a common south-east provenance from 

the Friuli Platform [Bosellini et al. 198Ia]. the Vajont Limestone has a markedly 

apron-like gross sandbody morphology (see Section 1.4). 

The isopach pattern for the Vajont Oolite is reproduced from Bosellini et al. [198Ia] in 

Fig. 4-7. It shows a general trend for the sandbody to thin towards the NNW, 

indicating sedimentation was somewhat confined in a sourcewards direction. The 

thickest accumulations of the Vajont Limestone are found in the east of the BeIIuno 

Trough [M. Sarti. personal communication 1989] and hence nearer to the margin of the 

Friuli Platform. This may indicate the floor of the Belluno Trough was slightly tilted 

towards the east [Abbots 1987a and b], concentrating the resediment sands source wards 

[c.f. Surlyk 1978; Stow 1985b; Eberli 1987]. If the basin floor had been tilted to the 

west, the isopach pattern would be expected to show a progressive thickening toward 
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Figure 4-7 

Isopach pattern of the Vajont Limestone, 
contours in metres (slightly modified from 
Bosellini et al. [1981a and b]). Note major 
thickenings opposite the ENE-SW orientated 
faulted sections of the Trento Platform margin. 
Approximate positions of the sequences within 
the geometry of the Vajont Limestone are 
shown: L .. Longarone; M = Mis; CV .. Col 
Visentin and PS .. Ponte Serra. 
1 .. Platform limestone; 2 .. ammonitico rosso 
facies; 3 = resedimented oolite; 4 .. siliceous 
basinal facies; S = contours in metres. 
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the NNW, to a basin axis near the footwall scarp of the Trento Plateau [c.f. Jackson & 

McKenzie 1983; Leeder & Gawthorpe 1987; Watkinson in press and also Section 5.4.1]. 

Both the Trento Plateau and the Friuli Platform were east-tilted in nature, and 

therefore it appears the Belluno Trough followed the same structural trend. By using 

basic trigonometry, a maximum eastward tilt of 1.60 could have produced the observed 

isopach pattern by considering a post-Vajont flat basin floor. By considering the slope 

of the Vajont oolite apron to be 10 to the west, at the end of Vajont deposition {c.L 

Winterer & Bosellini], this original eastward tilt can be reduced to a mere 0.60
• This 

shows only a very slight eastward tilt of the basin is required to produce the observed 

isopach pattern. 

Two major thickenings are noted within the Vajont Limestone, which Bosellini et al. 

[l981a] attribute to the development of two fan lobes. Rather than being topographic 

accumulations on the basin floor, the author suggests the two thickenings reflect the 

infilling of structural depressions on the palaeotrough floor [e.g. Cazzola et al. 1985). 

In active graben settings, the simple tilt-block topography is characteristically 

complicated by antithetic and synthetic faults [Gibbs 1982 and 19841, which deform 

both the hanging wall basement and the developing sedimentary fill [Leeder & 

Gawthorpe 1987]. Synthetic faults formed along the eastern margin of the Trento 

plateau and within the Belluno Trough (Section 4.1.3) and antithetic faults are 

considered to form the western margin of the Friuli Platform; there is a strong 

possibility therefore that they also controlled internal basin fill. Intrabasinal normal 

faults may also have defined intra-basinal mini-horsts and grabens, as for example in 

the Rio Grande Rift [Brown et al. 1979; Manley 19791 and as described from the 

Carboniferous Bowland Basin, northern England by Gawthorpe {1987a]. 

Both the lobes "thicken" to the south-east of NE-SW orientated faulted sectors of the 

Trento Plateau margin, the northern "lobe" thickening in front of the Valsugana line, 

and displaying a marked sourcewards-thickening asymmetry (Fig. 4-7). The Valsugana 

line was a major structural element, that caused the northern sector of the Trento 

Plateau (the Dolomites) to downfault and subside more rapidly than the Southern 

section (the Venetian Alps); it may have had a similar effect on the northern sector of 

the Belluno Trough, creating the east-tilting sediment ponds [c.r. Hersey 1965]. 

Indications that the southern "lobe" was resedimented to a shallower palaeodepth and 

that the northern lobe was deposited at a relatively deeper palaeodepth may be 

indicated simply by the colour of the Vajont Limestone: at Col Visentin and Ponte 

Serra (Figs. 4-7 and 4-1), the resedimented oolite is a light yellow colour. while in the 
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Vajont Gorge and at Langarone, it is a dark grey-brown. As mentioned previously in 

Section 3.3.4.1, Gutschick & Sandberg [1983] show a correlation between limestone 

bathymetry and colour, carbonate rocks of darker colour indicating a more basinal (i.e. 

deeper) environment of deposition. 

4.3 Sedimentology of the Vajont Limestone 

The Vajont Limestone consists of an impressive accumulation of stacked oolitic 

turbidites which are predominantly clean oolitic-peloidal grainstones, with later 

packstones. Debris flows are absent, as are intercalating hemipelagic facies, but rare 

pelagic mud intervals may periodically interrupt the succession. 

Features of the gross sandbody morphology and the nature of resedimentation can best 

be appreciated in the northern Belluno Trough at the Vajont Gorge section (Fig. 4-1) 

which lends its name to the sandbody; while evidence for the tectonic control on 

resedimentation is displayed in the nearby section at Longarone. As an introduction 

these localities are discussed first. 

The finer sedimentological details of the Vajont Limestone are displayed in outcrop 

further south, at Col Visentin on the southern "lobe" of the Vajont Limestone (Fig. 4-

7), where discussions and interpretations will be made on the nature of the sandbody. 

Finally, the more easterly localities at Mis and Ponte Serra will be briefly discussed, 

these sections recording sedimentation of the Vajont Limestone onto the step-faulted 

eastern margin of the Trento Plateau. 

4.3.1 The VaJont Limestone of the Northern Belluno Trough 

4.3.1.1 The Vajont Gorge and Dam section, Longarone 

The massive character of the Vajont sandbody can best be appreciated in its most 

spectacular outcrop in the Vajont Gorge, to the west of the Vajont Dam (Plates 4-111 

and 4-IV). The deeply incised gorge (cut by the river Vajont, a tributary of the Piave, 

Fig. 4-1) trends E-W and cuts a complete (but largely inaccessible) slice through the 

Vajont Limestone. The mountains which form the flanks of the gorge stand over 

1200m high, while the near vertical north (Plate 4-III) and south (Plate 4-IV) cliffs of 

the gorge are over 400m deep and only 50-70m apart. From west to east a complete 

~uccession is exposed from the contact of the Vajont Limestone with the underlying 
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PLATE 4-111 

Photograph compilation of the northern face of the Vajont 
Gorge. Road tunnel arches are approximately 8m high, to give 
some idea of scale. 
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PLATE 4-IV 

A) The southern side of the Vajont Gorge and the 
dolomitized Vajont Limestone with the Vajont Dam to the left. 

B) Undolomitized oolitic grainstone from the base of the 
Vajont Limestone on the southern side of the gorge (unstained 
thin section). Field of view = 3mm. 

C) Overview of the southern side of the Vajont Gorge, 
displaying the aggraded nature of the Vajont Limestone 
sandbody, and the scale of deposition. The bedding seen is 
most likely to be bedding parallel dissolution seams, which may 
or may not correspond to true bedding. 
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Igne Formation in the west (Plate 4-11, A and B) to the overlying Fonzaso Formation 

exposed behind the dam (Plate 4-11, C). 

The basal contact of the Vajont Limestone is observed in abrupt and erosive contact 

with the underlying thin bedded limestones of the Igne Formation on the northern face 

of the gorge (Plate 4-11, B and Plate 4-111). The overlying massive basal oolitic unit 

appears to be a single mass-flow event. This basal unit is accessible on the southern 

side of the gorge, as it outcrops in a tunnel along the track leading up to the dam. 

This unit consists of clean oolitic grainstone (Plate IV, B) and is typical of the Vajont 

sediment elsewhere in more accessible exposures. The presence of this massive basal 

unit most likely reflects an initial direct tectonic control on mass catastrophic 

resedimentation into the basin. Above this level, the Vajont Limestone becomes 

extensively dolomitized, obliterating sedimentary textures with a coarse crystalline 

dolomite fabric. This dolomitization is patchy and irregular and may be localized 

within vertical pipe-like structures. 

The stacked, aggraded nature of the sandbody architecture is fully appreciated by 

viewing the north and south oolitic cliffs from opposite sides of the gorge. The view 

of the southern cliff (Plate 4-IV, C) shows the extensive sheet-like nature of the 

bedding. The "bedding" revealed by weathering is, however, likely to be bedding 

parallel dissolution seams (stylolites) which mayor may not correspond to true turbidite 

bedding. 

4.3.1.2 The Longarone-Igne road section, Longarone 

As well as the more common basal sheet erosion observed in the Vajont Gorge, the 

contact between the Igne Formation and the Vajont Limestone may be characterized by 

fault-controlled incisions down into the Igne Formation, that are plugged with the 

oolite of the overlying Vajont. This relationship is classically exposed just outside 

Longarone on the road towards Igne and Soffranco (Fig. 4-1) [Bosellini el al. 1981a] 

(Plate 4-V). An east-dipping syn-sedimentary fault that affects the Igne Formation 

forms the western contact of this structure, which forms an oolitic plug that penetrates 

over 20m downwards into the Igne Formation, and at its widest point is some 20m 

across (Plate 4-V. A and B and Fig. 4-8). 
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PLATE 4-V 

A) View looking north at the Longarone "channel". On the 
left, tree-line marks the contact between the Igne Formation 
and the overlying Vajont Limestone. Note steeply dipping 
western faulted margin of the "channel" and less well-defined 
eastern margin and the blocky massive aspect of the oolite fill. 

B) View to the approximate west, to show the base of the 
massive oolite fill of the channel. 

C) Oolitic packstone from a boulder within the base of the 
channel beneath the massive oolite plug (unstained thin 
section). Field of view =- 3cm. 
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The sub-vertical faulted western margin deforms the bedded marls of the Igne 

Formation, dragging the bedding downward along the fault plane and producing a talus 

of tabular clasts formed from the bedded Igne Formation, banked up against the fault. 

The eastern margin is more sculptured and shows passive failure associated with the 

fault to the west, with the occurrence of a large west-orientated, rotational slide [c.L 

Cook 1979a and 1983] 4m across and 1.5m high that is "frozen" in the process of being 

detached from flanking eastern margin Igne Formation facies (Fig. 4-8). 

The absolute base of the structure is not exposed, but along the road section the base 

of the exposure reveals detached angular to subangular blocks of oolitic packstone 

(Plate 4-V, C), that may be dolomitized, up to over a metre long, along with blocks of 

bedded Igne Formation marls, arranged at a high angle to bedding and matrix

supported by green marls. The remainder of the depression is massively plugged with 

oolite of the Vajont. 

The presence of this structure is clear evidence for syn-depositional tectonism, the 

east-dipping sub-vertical fault being a minor basinal synthetic fault parallel-sub

parallel to the margin of the Trento Plateau. This fault created a submarine depression 

which subsequently became plugged with oolite. Bosellini et al. [1981a] consider the 

fault to have been active mainly "during the Late Liassic time. be/ore the oolitic 

limestone was deposited". 

The presence of blocks of oolite packstone at the base of the structure indicates fault

induced fe-deposition of semi-lithified oolite into the base of the fault-depression, 

prior to subsequent plugging of the rest of the depression by unconsolidated oolite 

sands. This suggest palaeofaulting must have occurred early on during deposition of 

the Vajont Limestone and not prior to oolite resedimentation. The fault does appear to 

extend about 6m up into the Vajont Oolite in the west of the outcrop, above this-Ievel, 

undergrowth obscures exposure (Plate 4-5, A). 

The remainder of the plug-fill overlying the fault-scarp collapse breccias at the base, is 

massive and packed with oolite. The nature of the exposure makes it impossible to 

examine the exact nature of this material, but it does appear blocky, and disturbed and 

has partially collapsed into the underlying sediment which led Bosellini et ai. [1981aJ to 

suggest further post-depositional collapse of the structure. 
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Figure 4-8 

Sketch of the Longarone "channel" feature (after 
Bosellini el al. [1981]). 
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The Longarone "channel" structure therefore provides clear evidence for an active syn

sedimentary tectonic control on basin sedimentation during the early deposition of the 

Vajont Limestone. 

4.3.2 The Vajont Limestone of the southern Belluno Trough - Col Visentin Section, 

Vittorio Veneto 

This locality is exposed alongside a track that leads up to Col Visentin and is 

approached from Vittorio Veneto through Longhere and Olivi. This long track climbs 

upwards exposing the Vajont Limestone, the overlying Fonzaso Formation, Soccher 

Limestone and the Maiolica (Fig. 4-4). The base of the Vajont is not exposed, but the 

track exposes a 400m thick vertical section through the sandbody. The lateral outcrop 

detail is however minimum since the outcrops are only between 2-8m high. 

This section was logged by Bosellini et al. [1981a] whose sedimentological logs are 

reproduced in Fig. 4-9 in consecutive logs A to G. Although these authors logged the 

succession, they put forward very little subsequent facies or sandbody interpretations. 

This is the major section of the Vajont Limestone that allows a detailed field 

examination of a vertical profile through the Vajont Limestone. 

4.3.2.1 Sedimentological features and characteristics 

General outcrop features 

The most characteristic outcrop feature of the Vajont Limestone is the occurrence of 

diagenetic layering parallel to that of the primary depositional layering in the form of 

solution seams (stylolite surfaces) formed during burial diagenesis [c.f. Simpson 1985] 

(see Chapter 6). It is these surfaces that are picked out by weathering at outcrop -and 

give the appearance of bedding planes. Most of these surfaces are not coincident with 

actual turbidite layering and the distinction of true bedding depends on notation of the 

presence of sedimentological grain-size changes within the sequence. 

Stylolite planes give the impression of false "diagenetic bedding" or pressure solution 

bedding (term after Choquette & James 1987) (Plate 4- VI, A), most frequently 

occurring within the actual turbidite bed; but also occurring at bedding contacts (Plate 

4-VII, D). Stylolites occurring within the turbidite beds typically occur at the contact 

between the massive lower part of the bed and the parallel laminated upper part of the 
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PLATE 4-VI 

A) Road section Col Visentin to show nature and field 
aspect of the outcrop. Bed 187 is immediately to the right of 
the author. (See log E of Fig. 4-9). 

B) The debris flow which terminates the Vajont Limestone 
succession at Col Visentin (right) overlain by the thinly bedded 
radiolarites of the overlying Fonzaso Formation. (Hammer. 
30cm). 
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bed (Plate 4-VII, C). Debris flows are totally absent from the succession, bar the 

occurrence of debris flow which terminates the Vajont Limestone succession (Plate 4-

VI, B). This debris flow is 3.4m thick, has an erosive base and contains chaotically 

orientated clasts up to SOcm across of pelagic mudstone and oolitic grainstone and 

packstone set in an oolitic grainstone matrix. 

The most characteristic feature of the Vajont Limestone is the occurrence of mud-chip 

"breccias", which are oolitic grainstones bearing quantities of pelagic mudstone clasts 

(Plate 4-VII, A). These are discussed with reference to their mode of formation in 

detail later on in this Section. 

The oolitic turbidites are grains tones, and are stacked and amalgamated without the 

occurrence of intervening hemipelagic facies. This makes the recognition of individual 

turbidite events difficult in the field, a feature compounded by the bedding parallel 

dissolution seams. The turbidite beds predominantly consist of a major coarse to 

medium sand grade division, that shows coarse-tail grading and forms the greater 

percentage of the bed. This horizon may be overlain by a parallel laminated division 

(Plate 4-VIII, C and D) which may rarely show faint ripples. 

The turbidite sediment is often bimodal with an oversize sediment fraction of coarser 

grains that may exceed the 'background' oolitic sediment fraction by several grain size 

divisions: for example, a 250J,£m oolite grainstone may contain over-sized peloids 

ranging in size from 500J,£m to 2000J,£ or larger. It is this coarse sediment fraction that 

displays the coarse-tail grading (Plate 4-VIII, A, B and D). 

Sedimentological characteristics 

Bosellini el al. [1981a] distinguished four facies types from the Col Visentin succession, 

based on the terminology of Mutti & Ricci Lucchi (1975); facies C, DI D2 and G, of 

which facies C and Dl together form 95% of the succession. 

Facies C. Thick bedded (> 1 m) turbidite successions, characterized by the presence of 

mud-chip 'breccias'. 

Facies D J' Thinner-bedded oolitic turbidites of a few centimetres to 1m, characterized 

by a marked reduction in the size and frequency of occurrence of mud-chips. 
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Facies D 2. This facies is uncommon, only occurring near the base of log E (Fig. 4-19) 

and is defined by centimetre to decimetre bedded, graded peloidal packstones. 

Facies G. Brown structureless pelagic mudstone, often dolomitized and containing 

radiolaria and Posidonia. 

The thick-bedded turbidites of the Col Visentin succession of Bosellini et al. [1981 a], 

facies C, conform to the fan terminology of their classification by being graded, 

containing a basal T a division, and by being major turbidite units [Mutti & Ricci 

Lucchi 1975; Nelson & Nilsen 1984]. 

There is an important discrepancy with the definitions of the Vajont thin bedded 

turbidites as being analogous to fan facies D. The definition of this facies type is 

turbidites where the basal graded T a division is absent. A basal T a division is present 

in the majority of the turbidites described as facies D in the Col Visentin section, they 

are not therefore incomplete base-cut-out turbidites as implied by the application of 

the terminology. 

Mud-chip 'breccias' 

Beds which bear large quantities of mud-clasts were termed mud-chip breccias by 

Bosellini et al. [1981a and b]. They are characteristically developed within major 

turbidite beds of between I-3m thick. The mud-chips are all composed of brown 

pelagic mud and commonly range in size from a few millimetres to 6cm in diameter 

(but may be up to 15-20cm). They display a variety of shapes, usually being sub

rounded to sub-angular, they range from being tabular with a high length to width 

ratio, to clasts with high sphericity. The outline of the clasts is typically irregular, 

with small lobes and gulfs indenting the surface. These lobes may also be observed in 

the process of detaching from the "parent" clast to form smaller chips (Plate 4-VII, A). 

The clasts are normally concentrated en masse towards the base of the bed (see logs A, 

B and E) as well as in stringers of smaller chips at higher levels above the basal 

concentrated zone (e.g. bed 182, log E). Less frequently they occur dispersed 

throughout the entire bed at random (see bed 5, log A - although this is a partial 

exposure of the bed). Where mudchips occur in thinner turbidites, they are normally 

restricted to the base of the bed only, and are generally smaller in size and less 
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frequent in their occurrence. Occasionally the clasts may show imbrication (e.g. bed 

39, log B). They often show reverse clast grading at the base, underlain by a mud

chip free zone of basal oolite, that is not a part of the underlying bed (Plate 4-VII, A). 

Fluid shear strength acts intensively on clasts near the base of the flow [Middleton & 

Hampton 1976; Lowe 1982] causing them to move down current at a slower rate than 

the body of the flow. This results in a shear-lift force arising from fluid shear and 

clast spin lift [Allen 1984] created by turbulence, which acts to move the clasts up into 

the body of the flow. Thus mudclasts are incorporated into the turbidity current and 

move up into the flow, while being transported down-current. This often results in a 

wedge of turbidite sandstone between the underlying bed and the zone of mudchips 

within the base of the flow - this is shown particularly well in Plate 4-VII, A. The 

clasts tend to be concentrated towards the base, since they experience an upward lift to 

a point within the turbidity current that corresponds to the maximum point on the 

velocity profile, but are moved downwards within the flow once they are moved above 

the velocity maximum. The upward motion of the clasts will cease once the 

combination of buoyancy and lift becomes equal to the weight of the clasts, thus 

concentrating different sized chips at different levels within the flow. Importantly 

therefore, the mud-clasts never move upward beyond the maximum point in the 

velocity profile, when they are equal to or greater than the density of the turbidity 

current [Kano & Takeuchi 1989]. This explains why smaller chip stringers are found , 
"frozen" at higher levels within the turbidity current. Similarly, inverse basal clast 

grading overlain by normally graded clast horizons is a function of shear and traction 

within the base of the turbidity current underflow [e.g. Lowe 1982}, and is 

characteristic of Lowe's (1982] R2 and R3 divisions for high-density turbidites (see 

Fig. 3-13). 

Discussion and Interpretation 

The mud-chips are ubiquitously composed of pelagic mud, identical to pelagic mud 

interbed units within the succession. These clasts are interpreted to be rip-up clasts 

derived by tearing from underlying, up-current semi-consolidated pelagic mudstone 

units. Similar occurrences of intraformational clasts, entrained within turbidity 

currents, have been documented by Ricci Lucchi & Valmori [1980]; Cossey & Erlich 

[1979 and 19811; Nilsen & Abbott [1981); Mutti & Normark [1987]~ Kana & Takeuchi 

[1989]. This process is most likely to occur within accelerated flows, highly charged 

with coarse particles, and are characteristic features of high-density turbidites [Lowe 
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PLATE 4-VII 

A) Mud-chip "breccia" of bed 40, showing the nature of 
the pelagic mud-clasts. Note basal inverse to normal grading 
of the clasts and clast-free horizon at very base, under mud
chip layer. (Lens cap Scm.) 

B) Polished handspecimen of a small oncoid (7.Smm) 
forming part of the bimodal sediment fraction. Note other 
smaller ooids-oncoids, and the abrupt transition to a pelagic 
mud rich turbidite cap with scattered ooids. (Scale bar. tcm.) 

C) Parallel lamination within turbidite 239, Col Visentin. 
Note stylolites picking out the turbidite contacts (red marks) 
and also the contact between the basal T a division and the 
parallel laminated division of bed 239 (the stylolite near the 
lens cap). (Lens cap - Scm.) 

D) The base of bed 163 and its contact (marked with a 
stylolite) with the parallel laminated top of bed 162. (Pencil 
for scale.) 
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1982; Kano & Takeuchi 1989]. This is in agreement with the nature of the oolitic 

sediment within these mud-chip horizons, which are typically coarse sand grade (500-

750J.'m) grainstones. 

Emplacing turbidity CUrrents impacting the underlying mudstone substratum, generated 

compression of the underlying semi-consolidated muds, causing undulation of the 

sediment surface [Kano & Takeuchi 19891. Failure occurs, and the mud surface is 

penetrated and torn up by the main body of the current, a process which is enhanced 

by the force of inertia of turbidite particles that flow into the resulting space and 

further erode the substratum. 

In conclusion, the author considers these mud-chip rich turbidites to be emplaced by 

high-density, sand-rich accelerated turbidity currents, which tore up coeval pelagic 

mud drape sediments during their emplacement. Mud-chip bearing turbidites are 

common features, of siliciclastic lobe sandstones [Mutti & Normark 19871 and therefore 

do not necessarily indicate the presence of channels, as suggested by Bosellini et al. 

[198Ia]. They are attributed to current erosion on top of depositional lobes by many 

authors, including Van Vliet [19781; Mutti et al. [1978]; Ricci Lucchi & Pignone [1978]; 

Ricci Lucchi & Valmori [1980], and are interpreted as the downflow equivalents of 

amalgamation surfaces. 

Thick oolitic turbidites 

The thick-bedded turbidites of Bosellini el al. [1981 b1 facies C show the development 

of distinctive sedimentological characteristics which indicate their deposition from 

sandy high-density turbidity currents (after Lowe [1982]) (as explained for the oolitic 

turbidites of the Cutri Formation in Sections 3.2.2.2 and 3.2.3). 

Typically several metres to 50 cm thick, these turbidites have planar or slightly erosive 

bases and planar tops. Inverse sediment grading may be present at the base of the 

turbidite and parallel lamination may occur near the top of the bed. Concentrations of 

mud-clasts may occur within these turbidites. The turbidites are crudely graded, 

coarse-tail grading being the dominant and distinctive characteristic. The sediment 

may be poorly sorted and is characteristically bimodal (Plate 4-VIII,A). Large 

oversized ooid-oncoids and peloids are preferentially concentrated towards the base of 

the beds in stratified zones and horizons. The majority of the turbidites are composed 

of very coarse to medium sand grade, predominantly oolitic carbonate sand that may 
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show a crude overall distribution grading up through the bed between very coarse and 

coarse-medium sand grade. The parallel laminated division is better sorted and 

oversized grains are much reduced or usually absent. Peloids and superficial ooids may 

be concentrated in the upper turbidite layers (Plate 4-VIII, C). 

These turbidites are interpreted as sandy-high density turbidites after the scheme of 

Lowe [1982] and by analogy with MacDonald [1986], Wueller & James [1989] and 

Spalletti et al. [1989]. The stratified and concentrated oversized peloid horizons 

representing deposition from traction and shear in the SI and S2 divisions, the more 

massive portions of the flow resulting from rapid suspension sedimentation from high

concentration flows (see Section 3.2.3). 

Rapid deposition of the oolite from suspension would be expected, due to the clean 

sand-rich nature of the sediment, allowing the rapid efflux of turbidite fluid from the 

flow. Grain suspension would be somewhat aided by this process and important grain

to-grain collisions being instrumental in formation of the traction-sedimentation layers 

and basal inversely graded horizons. Rapid sedimentation is indicated by the bimodal 

and often poorly sorted nature of the turbidite sediment, indicative of rapid suspension 

fall-out. 

Thin oolitic turbidites 

The thinner bedded turbidites (of Bosellini et al. [1981a] facies D) also show most of 

the features associated with the thick bedded turbidites, but on a smaller scale. They 

may occur in packages of thinner beds, or randomly interspersed within thicker 

turbidite packages. Planar or erosive bases may be present, coarse-tail grading and the 

oversized sediment fraction is commonly present in basal divisions. Large mud-chip 

bearing turbidites are absent, but small pelagic mud-chips may often occur within the 

base of the flow, or within the centre of the flow. The sediment size range does not 

differ significantly, but the volume of oversized grains tends to decrease 

proportionately. Parallel lamination is often better developed in these thinner 

turbidites and may form a larger proportion of the entire bed (Plate 4-VII, C). 

These thinner" oolitic turbidites are interpreted as thin sandy high-density oolitic 

turbidites and form a continuous spectrum with the thicker bedded high-density 

turbidites. They display a range of features of both thin sandy high-density turbidity 

currents where coarse-tail grading, poor sorting and stratified horizons may comprise 
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the entire bed; as well as beds which display features more akin to the Bouma Tabc 

division, where a thin coarse-tail graded oolitic division is overlain by a thick parallel 

laminated division which may become faintly rippled towards the top. 

Carbonate grain components of the Vajont Limestone turbidites 

Several carbonate component grain types are distinguished within the Vajont Limestone 

and are illustrated on Plates 4-VIII and 4-IX. The types distinguished are: radial ooids, 

large concentric ooids. ooid-oncoids. superficial ooids, broken ooids, peloids, over

sized peloids, intraclasts and bioc1asts. 

Radial ooids [c.f. Simone 1981; Richter 1983 Wilkinson et al 1984 & 1985] are the most 

numerous and distinctive sediment components of the Vajont Limestone. The ooids 

invariably nucleate around a peloids and exhibit a cortex which is thicker than half the 

diameter of the nucleus which displays many thin, radially structured laminae (Plate 4-

IX, A). The radial orientation of the cortical crystals is shown in Plate 4-IX, B. the 

cortical banding reflecting different growth and "sleeping" stages during ooid formation 

[Simone 1981]. 

Radial ooids are the common Mesozoic marine ooid type [Simone 1981; Richter 19831 

and the preservation of the delicate fabric is generally accepted to reflect their original 

high-magnesian calcite [Richter 1983] or low magnesian calcite [Walter 1985] 

mineralogy. Strasser [1986] suggests that Jurassic radial ooids associated with marine 

faunas were most probably high-magnesian calcite. 

Concentric ooids [c.f. Reijers & Hare 1983] are rarer ooid types. They are invariably 

larger (>7S0#-'m) than the radial ooids and show a pronounced concentric micritic 

banding (Plate 4-IX. C). They occur as part of the oversized bimodal sediment 

fraction, and are thought to reflect slow ooid formation rates [Strasser 1986]. 

Ooid-oncoids (term after Strasser [1986]) are large irregularly shaped ooids between 

0.4-3mm that show fine micritic cortices. the cortical banding that often appears to be 

irregular. These grains are common components of the over-sized sediment fraction 

(Plate 4-IX, D and Plate 4-VIII, A and B). Such grains are thought to form in 

protected shallow marine to lagoonal environments of deposition where there is an 

abundant growth of codiacean algae and cyanobacteria [Strasser 1986}. 
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PLATE 4-VIII 

A) Bimodal sediment. showing well formed medium sand 
grade (3S0pm) radial ooids and two large over-sized ooids
oncoids, showing micritic laminae. (Unstained thin section). 
Field of view ;: 3mm. 

B) Detail of ooids-oncoids showing vague micritic laminae. 
Uppermost grain has nucleated around a benthic Trocholine 
foraminifera (unstained thin section). Field of view. l.5mm. 

C) Detail of peloidal grainstone of very fine sand grade 
(95-12Spm) from the top of turbidite 159. showing the 
preferential concentration of peloids along with superficial 
ooids in the fine sediment fraction. Note uncoated. micritized 
benthic Trocholine foraminifera (top right of centre) (unstained 
thin section). Field of view. Imm. 

D) Trimodal sediment with small radial ooids (250pm). 
larger micritized ooids with concentric laminae (3S0pm) and a 
large over-sized peloid (right). Note echinoderm fragment 
showing syntaxial cement overgrowth (unstained thin section). 
Field of view -= 3mm. 

E) Oolitic packstone intraclast (unstained thin section). 
Field of view - l.5mm. 

F) Broken ooids concentrated in the fine sediment fraction 
(l2S-187pm). from the top of the turbidite 48 (unstained thin 
section). Field of view - Imm. 
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Larger oncoids of S-ISmm occasionally occur within the turbidites, an example of 

which is shown in Plate 4-VII, B. 

Super tidal ooids are those ooids where the cortex is less than a half of the diameter of 

the nucleus [Simone 1981]. These ooids also have peloidal nuclei, and are most 

commonly concentrated along with peloids in the finer sand (187-12Sl'm) sediment 

fraction towards the top of individual turbidite layers (Plate 4-VIII, C). 

Broken ooids within the sediment fraction (and not those broken by in situ mechanical 

compaction) only form important sediment component percentages in the fine sand 

fraction, where they are concentrated along with peloids and superficial ooids (Plate 4-

VIII, F). 

Peloids are uncoated structureless carbonate grains that are most likely to be faecal 

pellets [e.g. Wanless et al. 19811. Sand sized faecal pellets are common modern 

carbonate sand sediments [e.g. Hine et al. 1985]. Peloids most commonly form the fine 

sand fraction of the turbidite sediment (Plate 4-VIII. C). 

Oversized peloids are structureless grains which form part of the coarser fraction of a 

bimodal grain population. They may exceed the "background" sediment size by several 

size divisions (Plate 4-VIII, D); usually they range between 750J,&m-3mm. Many 

oversized peloids appear to be micritized larger ooids or ooid-oncoids. although others 

appear to be larger faecal pellets. 

intraclasts of oolitic packstone or grainstone generally up to Smm in size may be 

present within the oversized sediment fraction of the bimodal sediment, but are never 

observed to exceed 2% of the sediment fraction. 

Bioelasts in the oolitic grainstone include common echinoderm fragments, which are 

the most usual bioclastic components and typically show syntaxial cement overgrowths 

(Plate 4-VIII, C), benthic forams (Protopeneropolis striata, Trocholina elongata, T. 

alpina and T. eoniea - Bosellini et ai. [198Ib]) which may occur as free sediment 

components (Plate 4-VIII. C) or as ooid-oncoid nuclei (Plate 4-VIII, B). Rarer 

bioclasts of corals, bryozoans and molluscs are also present. Apparently remnants of 

chertified conifers (Dadoxylon and Arauceriopitys) have also been found within the 

Vajont Limestone [Leonardi 1953; reference from Bosellini et al. 1981b]. 
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PLATE 4-IX 

A) Radial ooid from the Vajont Limestone, nucleating 
around a peloid (unstained thin section). Field of view • 
O.Smm. 

B) S.E.M. microphotograph of the cortex of a radial ooid 
from the same thin section as photograph A. Scale shown on 
plate. 

C) Large over-sized ooid with dominant tangential cortical 
layering (unstained thin section). Field of view. I mm. 

D) Large irregularly coated, ooid-oncoids of the coarse-
sediment bimodal fraction. Field of view • 3mm. 
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All these sediment components vary according to size, within the turbidites, larger 

grains concentrating within the basal turbidite divisions. Since sediment component 

content is related to the hydrodynamic calibre of the emplacing turbidite, it is 

impossible to draw any conclusions about primary sediment input changes from point

counting thin sections. 
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Figure 4-9 A to G 

The Col Visentin section. Logs from Bosellini et 
al. [1981a]. 
Graphs show bed thickness plots after the 
methods of Hiscott [1981]. Graph B shows the 
mid-layer plotting method; graph C shows the 
layer-number plotting method. Bed thickness 
trends are indicated on these graphs by the 
elongate triangles. Bed thickness trends marked 
in black next to the trends are verified by the 
Runs Test. 

Key: 

_,. - mud-chip layers 

- - thin-bedded peloidal packstone 

.. - pelagic mud 

~ - parallel lamination, with ripples 

- - erosive base 

~ - slumping 

" t - fluid-escape structures 

.. - echinoderm fragments 

6 - oolitic intraclasts 

:z:;::z: - dolomitization 

--~ ...... - fault 
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4.3.2.2 Analysis of the vertical turbidite succession 

4.3.2.2.1 Discussion on cyclicity 

Bosellini et al. [1981a and b] and Winterer & Bosellini [1981] described the Vajont 

Limestone as "a fan" and "coalescent fans which prograded westwards". In order to 

illustrate the prograding nature of the fan, Bosellini et al. [1981a] stated that "Sequences 

thickening-coarsening upward about ten metres thick and linked to the progradation of 

oolitic bodies, have been observed locally. An explanatory example of this arrangement 

is represented by units 196-213" (see log. F of Fig. 4-9). 

In order to verify these statements, it was necessary to examine the sequence at Col 

Visentin for fan-type thickening and thinning-upward cycles (see Section 1.4.1), within 

the Vajont Limestone. For the sequence to be interpreted as a fan. it should contain 

cyclic trends that can be related to autocyclic fan processes of channel-fill and lobe 

construction [e.g. Shanmugam & Moiola 1988]. For the system as a whole to be 

progradational, there should be strong evidence for channelised facies overlying sheet

like lobe facies [e.g. Walker 1978]. Secondly, and most importantly. it was decided to 

analyse statistically the sequence of turbidite events to determine on a statistical basis 

whether the turbidite trend was indeed cyclic or whether it was random. 

As mentioned in the introduction, the recognition and distinction of thinning (and 

fining) upward sequences and thickening (or coarsening) upward sequences within a 

structure is commonly considered to be of utmost importance in the interpretation of 

submarine-fan depositional sub-environments. These asymmetric cycles are considered 

to distinguish outer-fan and supra-fan lobes (thickening and coarsening-upward cycles) 

from inner and mid-fan channelised regions (fining and thinning-upward cycles). The 

importance of cycle recognition has been stressed. especially by the Italian school, 

whose work forms the basis of ancient submarine fan literature [e.g. Ricci Lucchi 1969, 

1975a, 1975b; Mutti & Ricci Lucchi 1972, 1975, 1978; Mutti & Ghibaudo 1972; Ricci 

Lucchi & Parea 1973; Mutti 1974. 1977; Mutti et al. 1978; Pignone & Ricci Lucchi 

1978; Ghibaudo 1980]. Cyclic trends have also been deemed fundamental to fan 

interpretation by Walker [19781, Mutti [1985], Mutti & Normark [1987] and Shanmugam 

& Moiola [1988}. 

Thinning-upward cycles are traditionally interpreted as channel fill and abandonment 

sequences after Mutti [19741 and thickening-upward cycles are attributed to the 
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progradation of mid-fan depositional lobes (Mutti & Ghibaudo 1972]. The only 

quantitative assessment of the relative importance of these cycles in an ancient 

submarine fan sequence is that of Ricci Lucchi [1975a] who states that in the Marnoso

arenacea, Italy, 77% of channelled cycles thin upward while 63% of unchannelled 

cycles thicken upward. 

The thinning-upward cycles are considered by Mutti [1974] to form by analogy with 

alluvial and deltaic channels; however Normark [1974] and Walker [1975b} suggest that 

there is no strong theoretical reason why successive currents using a submarine channel 

should deposit finer material in thinner beds. Braided inner-fan channels in sand-rich 

turbidite systems do not appear to produce thinning-upward cycles [Nilsen 1980] as also 

documented by Wueller & James [1989]. 

Thinning-upward cycles have been interpreted as forming by several other mechanisms: 

(1) Changes in longitudinal gradient (Fig. 4-10, BI) and shallowing and widening of 

the channel cross-sections during progressive abandonment [Ricci Lucchi 1975a; 

Martini & Sagri 1977]. 

(2) The plugging of a channel by a large flow followed by progressive thinning as 

subsequent flows are diverted to a new channel [Walker 1978; Hiscott 1980]. 

(3) The bypassing of turbidites around or between topographic highs of former sand 

deposition on the basin floor [Martini & Sagri 1977; Ricci Lucchi & Valmori 1980] (e.g. 

Fig. 4-10, B3 and C). 

(4) By progressive lobe retrogradation and abandonment [Larue 1985; Spalletti et al. 

1989]. 

(5) Submarine fan meandering channel sequences [Wueller & James 19891. 

Thickening-upward cycles are classically attributed to lobe progradation [Mutti &_ 

Ghibaudo 1972; Walker & Mutti 1973; Mutti 1974; Walker 1978; Ghibaudo 1980; Larue 

& Speed 1983; Larue 1985] by analogy with delta distributaries [e.g. Mutti & Ghibaudo 

1972}. Thickening-upward trends also form by the infill of primary depressions (inter

lobe areas) formed on the fan surface [Martini & Sagri 1977; Van Vliet 1978; Mutti et 

al. 1978]; by the downcurrent shingling effect of successive turbidite flows [Martini & 

Sagri 19771 (Fig. 4-10, B); and due to lateral deflection of successively younger flows 

towards the marginal depression on a l~be (Fig. 4-10, C). 

Several workers have found difficulty in recognising asymmetric cycles within turbidite 

sequences [e.g. Winn & Dott 1977; Hiscott 1980; Nilsen 1980; Heller & Dickinson 1985; 
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Figure 4-10 

A) Bidimensional longitudinal models of sandstone bodies: 
I ... Basinwide sandy turbidites 
2 ... Progradational lobe 
3 ... Aggradational lobe 

(from Ricci Lucchi & Valmori [1980]). 

B) Thinning and thickening upward sequences as a result of the 
shingling effect of thick portions of lenticular turbidite beds. 
I .. Longitudinal section smooth topography (FU .. fining-up; 
eu ... coarsening up). 
2 == Transverse section of a channel. 
3 .. Longitudinal section, irregular topography. 

(from Martini & Sagri [1977]). 

C) To show the origin of compensation cycles (CC), arrow indicates 
flow direction and diagram shows good correlation developed 
parallel to flow. (from Nelson & Nilsen (1984). 
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Wueller & James 1989], and the validity of documented "cycles" produced within 

turbidite sequences has been severely questioned, as classically demonstrated by Hiscott 

[1981] who demonstrated the apparent necessity for workers on ancient siliciclastic fans 

to search for cycles within turbidite sequences. Hiscott [1981] convincingly proved that 

these cycles may be purely "in the eye of the beholder" and in fact be chance 

occurrences within a succession of random beds [e.g. Ghibaudo 1980]. 

More recently, the importance of aggradation as well as progradation as a major growth 

mechanism in submarine fan sequences has been recognized [e.g. Mutti et a1. 1978; 

Ricci Lucchi & Valmori 1980; Hiscott 1981; Larue & Speed 1983; Larue 1985; Spalletti 

et al. 1989], with the proposal of aggradational type lobes by Ricci Lucchi & Valmori 

[1980]. Supra-fan lobes especially are believed to form by aggradation and lateral 

shifting, rather than by a simple progradational process, and have been recognized by 

Mutti et a1. [1978], Ricci Lucchi and Valmori [1980]; Spalletti et al. [1989]. 

Aggradation is now considered an important mechanism during lobe construction, 

especially on the bedform scale [Mutti & Normark 1987; Shanmugam & Moiola 1988]. 

The early notion of major asymmetric cycles being important in lobe construction has 

recently been de-emphasized to minor cycles, on the scale of the compensation cycles 

described by Mutti & Sonnino [1981] and Mutti & Normark [1987] (Fig. 4-10, C). 

4.3.2.2.2 Graphic bed-thickness plots 

Convincing thickening-upward trends have been presented by Mutti [1974]; Mutti et al. 

[1978]; Walker [1978] and in some turbidite sequences cyclic recognition is obvious, for 

example the Cortina Formation of the Great Valley sequence [Ingersoll 1976; Ingersoll 

& Dickinson 1981]. In other cases, cycle recognition is more subjective, as classically 

demonstrated by Ghibaudo [1980] and Hiscott [1981]. Several workers have emplgyed 

graphs of bed-thickness plots in their interpretations, for example Ricci Lucchi [1975]; 

Van Vliet [1978]; Ghibaudo [1980]; and Busby-Spera [1985] to aid the recognition of 

cyclic trends. Several methods have been used: 

(1) Plotting the bed thickness opposite the 12l2. of each bed directly opposite the log 

[e.g. Ghibaudo 1980; Busby-Spera 1985]. 

(2) Plotting the bed thickness opposite the centre of each bed directly opposite the log 

[e.g. Ghibaudo 1980] this being known as the mid-layer method [Hiscott 1981]. 
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(3) Plotting the bed thickness at standard intervals. This being known as the layer

number method [Hiscott 1981]. 

The layer-number method is considered to be the least biased by Hiscott [1981], while 

plotting opposite the top layer of the bed is considered the most biased. The latter 

method tends to skew the plotted graph upwards and biases interpretation in favour of 

thickening-upward cycles. Plotting data by the mid-layer method removes some of this 

bias (Fig. 4-9, A to G graph A) but the most objective is the layer-number method, 

which plots data at consecutive intervals (Fig. 4-9, A to G graph B). 

As an exercise in the ability of this method to "recognize" cycles from within turbiditic 

sequences, the two least biased methods of graphic bed-thickness plots were employed 

on the section of the Vajont Limestone at Col Visentin (Fig. 4-9, A to G). Graph A 

in each case shows the mid-layer plotting method, while graph B shows the least 

biased, layer-number method. Several apparent cycles are recognized by these methods 

and are marked on the appropriate Figures A ro G of Fig.4-9. 

Results 

By using the mid-layer method, the Vajont succession displays fifteen thickening 

upward and eleven thinning-upward "cycles"; while by the layer number method fifteen 

thickening-upward and twelve thinning-upward "cycles" are manifested. Although 

there are more thickening-upward cycles portrayed, the thinning-upward cycles, 

although less numerous, comprise the greater proportion of the succession. 

Importantly, although cycles often correlate between both graphic plots, such as in logs 

A, Band G (of Fig. 4-9), often different cycles are produced by the different plotting 

methods from the same turbidite sequence. For example on log D, the third cycl~ from 

the base is extended by the layer number method, while the upper half of the sequence 

is characterized by two thinning-upward cycles, which are manifested as a symmetric 

thickening and then thinning-upward cycle. A similar trend is seen in the upper half 

of log section E. The lower half of log F shows two very different graphs, the mid

layer method plot indicating two thickening upward cycles, which are manifested as 

thinning-upward cycles by the layer-number method. 

With reference to Fig. 4-11, simple thickening-upward trends are recognized on log 

sections B, E and F. Complex thickening-upward cycles are recognized in log section 

D (graph B and C), log section F (graph B) and log section G (graph B). 
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Figure 4-11 

Types of second order cycles in turbidites (after Ricci Lucchi [1975] -
reproduced from Nelson & Nilsen [1984]). 
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Simple thinning-upward cycles are recognized in log sections D (graph Band C, top) 

and E (graph Band C, centre). Complex thinning-upward trends are more common, as 

exemplified by log sections B, C, F (graph B and C) the top of E (graph B and C) and 

the base of D (graph B and C). 

Discussion and Inferences 

By either plotting method, the Vajont Limestone may be seen apparently to consist of 

both thinning and thickening-upward cycles. These cycles may form in sequence with 

each other (i.e. one thinning-upward cycle may follow another) or more frequently the 

cycles alternate between thinning and thickening-upward cycles (log sections B and F). 

These may "unite" to form symmetric sequences of a thickening-upward cycle followed 

by a thinning-upward cycle (log sections B, C, F and G). 

(1) Importantly, mud-chip rich turbidites are associated with thickening-upward trends, 

not thinning-upward trends: on logs A, B, E and F they are associated with thickening

upward cycles; only at the top of log E (from bed 182) are mud-chip rich beds 

associated with a thinning-upward trend. The notion that their presence therefore 

represents channelised portions of the "fan" are dispelled, since if this were the case, 

they should be associated with thinning and not thickening-upward bed thickness 

trends. 

(2) The thinning-upward trends observed by these means are not associated with 

channelisation or channel features. Although erosively based turbidites may be present 

in these sequences, they are equally common (or more so) in the thickening-upward 

trending portions of the succession. Sheet-like, erosively based and amalgamated 

turbidites such as these are common features of depositional lobes, being particul3rly 

characteristic of the proximal lobe-intermediate lobe area [Mutti & Normark 1987] (e.g. 

see Fig. 4-1 0, A). 

The absence of distinct channel features and the predominant sheet-like geometry of 

the turbidites that are exposed, indicate lobe construction mechanisms prevailed over an 

organized channel-lobe fan complex. The main characteristics of ancient lobes typify 

the Col Visentin succession and were summarized as follows by Mutti and Normark 

[1987]: 
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(1) Lobes are packages of thick, coarse-grained sandstone commonly between 3-15m 

thick, and except for shallow erosional surfaces are generally parallel-sided. 

(2) Individual lobes occur either as isolated bodies within mudstone sequences or, more 

commonly, form vertical successions several hundred metres thick, where the lobe 

bodies alternate with variable thicknesses of mudstone and finer-grained and thinner 

bedded sandstone. The down-current extent of individual lobes may be localized 

within a few kilometres [Cazzola & Rigazio 1983] to basin-wide lobes, several tens of 

kilometres in length [Ricci Lucchi & Valmori 1980]. 

(3) Lobes are broadly convex bulges wedging down-current into thinner-bedded lobe

fringe facies [Ricci Lucchi & Valmori 1981]; or basin-wide features that may exhibit 

onlap terminations against adjacent slope facies [Cazzola et al. 1985]. 

(4) Sandstone lobes commonly display superimposed small-scale thickening-upward 

sequences, each composed of a limited number of sandstone beds (commonly <10). 

(5) Scours are common, but they are neither as deep nor as abundant as those in 

channelised areas or channel-lobe transition zone areas. Many beds within a lobe 

package are amalgamated and contain an abundance of rip-up mud clasts that 

developed during the same depositional event [Mutti & Nilsen 1981; Kano & Takeuchi 

1989]. 

(6) Lobe sediments display better grading and better development of vertical sequences 

of internal structures than other regions of the turbidite system. Complete Bouma 

sequences (shown in Fig. 3-13) are found in lobes where sufficient fines and sand are 

present. With lesser proportions of fines, coarse-grained, graded, and internally -

unstratified divisions become dominant. 

The random arrangement of both thickening and thinning-upward cycles that show no 

overall up-sequence trend, indicate the turbidite system grew by aggradation (Abbots 

1987a, b and c) and not by progradation as suggested by Bosellini et al. [1981a and b]. 

All features of the Vajont Limestone can be explained by the processes of lobe 

development within an aggradational system; in this case, as the result of ongoing basin 

subsidence (as shown by Winterer & Bosellini (1981)). In this situation, lobe growth 

would be characteristically influenced by autocyclic as well as allocyclic growth 

processes, with episodes of local lobe progradation, retrogradation, lobe switching and 
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abandonment. In this setting, aggradational type lobes would be expected to develop, 

being characteristic of basins undergoing tectonic subsidence [Ricci Lucchi & Valmori 

1980] (Fig. 4-10, A no. 3). This type of lobe development is characterized by a 

successive vertical stacking of turbidites with poor cycle development, rather than a 

gradual progradation of successive turbidites over the last (Fig. 4-10, A no. 2). This 

would explain the development of the complex-cycle types developed within the 

sequence. 

In the Vajont, the author proposes several mechanisms to account for the observed 

turbidite sequence. Aggradation was characterized by episodic and local lobe 

progradation (thickening-upward trends) [c.r. Walker 1978] and local lobe 

retrogradation (thinning-upward trends) [c.r. Larue 1985; Spalletti et al. 1989]. The 

development of symmetric cycles of a thickening-upward trend immediately followed 

by a thinning-upward trend is indicative of lobe progradation followed by 

retrogradation [Spalletti et al. 1989]. This development can be explained by autocyclic 

turbidite shingling as well as by allocyclic processes. As a lobe progrades, it will create 

a topographic bulge; once a positive topography results from this mechanism, successive 

turbidites will gradually become increasingly laterally deflected both basin wards and 

into adjacent topographic lows, thus forming the thinning-upward portion of the cycle 

(Fig. 4-10 B, no I). This ends in lobe abandonment, which may be marked by a 

pelagic mud drape on areas of the system characterized by non-deposition [e.g. Martini 

& Sagri 1977; Larue 1985; Spalletti et al. 1989]. An asymmetric sequence overlain by 

pelagic mud is exemplified on log G of Fig. 4-9. 

The predominance of mud-chips within thickening-upward cycles indicates active 

turbidite erosion during progradational episodes of lobe construction. Similar sequences 

may also be developed as a result of lobe formation in an area of the system thachad 

previously been abandoned due to topographic up-building. Thickening-upward cycles 

would also be expected from a succession of turbidites successively plugging slight 

depressions on the sea-floor, such as areas between depositional lobes (see Fig. 4-10, B 

no 3 and C). 

Thinning-upward cycles could similarly be produced by a variety of lobe mechanisms, 

such as autocyclic lobe switching, due to upbuilding or deflection by topographic highs, 

or to up-current plugging of depression (Fig. 4-10. B no. 3), or to allocyclic processes 

such as increased subsidence or decrease in sediment supply. 
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The constant levelling of bottom topography by switching of the turbidity currents 

when encountering topographic highs, accounts for the alternation between thick 

bedded and thin bedded turbidite sequences observed in the Col Visentin succession, 

and indicates that the succession formed by the vertical stacking (aggradation) of 

interfingering and overlapping turbidite lobes. 

The next question to be considered is how these aggradational lobe features were 

produced within the carbonate system. Were they formed as part of a fan system or by 

some other means? More importantly, considering the different graphs obtained by 

these graphic plotting mechanisms, are the observed cycles valid cycles produced as a 

result of fan processes, or are they visually perceived cycles that occurred within a 

random turbidite succession (Le. Hiscott's [1981] discussion on Ghibaudo [1980]) Many 

of the cycles produced from the Col Visentin section by graphic means over-emphasize 

the importance of thick turbidites within the succession, while masking cyclic trends in 

the thin-bedded sequences. 

Following Heller & Dickinson [1985] a statistical test for randomness was carried out on 

the turbidite sequence at Col Visentin to ascertain whether in statistical terms, the 

turbidite sequence revealed preferred cyclicity that could be attributed to an organized 

point source (Le. fan) depositional system. 

4.3.2.3 Statistical Analysis of the Col Visentin section of the Vajont Limestone and its 

Implications 

A statistical test known as the Runs Test was applied to the Col Visentin section of 

Fig. 4-9, logs A-G. in order to ascertain whether: 

(1) The succession resulted from deposition by an active autocyclic controlling pr9cess 

that preferentially deposited turbidites in thinning and thickening upward cycles, such 

as a fan channel-lobe complex. 

(2) The turbidite sequence is random and the cycles observed by graphic means are non 

statistically valid "cycles" that emerge from any random turbidite succession. 

Theory of the Runs Test 

The Runs Test is a simple nonparametric statistical test that is used to determine 

whether a measured sample may be considered to be random [Miller & Freund 1977; 
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Heller & Dickinson 1985; also the lecture notes of Adrian Romilly, lecturer in 

Mathematics, Bristol University]. 

In statistical terms, one needs to test (i.e. accept or reject) a hypothesis (H) that the 

sequence of turbidites is random. The test of the hypothesis is a procedure for 

deciding on the basis of a sample whether or not a population conforms to a given 

specification. The statement being tested is called the null hypothesis (Ho) and in this 

case H is that "the arrangement of turbidites is random". o 

The Runs Test is a two-sided test where the rejection of Ho (hypothesis of randomness) 

takes place if the number of runs (sequences of thickening or thinning-upward cycles) 

is smaller or larger than expected. An example of what the test aims to do can be 

understood by considering coin tossing. For instance, if a coin were tossed one 

hundred times and each time it fell with the head uppermost, one would conclude the 

coin was biased (i.e. the sequence is !lQ1 random). If each time ten heads were 

followed by ten tails, there is reason to believe probability is not constant and the 

sequence is ll21 random. Similarly, if the sequence of tosses alternated heads and tails, 

it would be assumed that each toss was not independent of the previous toss and again 

the sequence would not be random. A random toss sequence would be expected to lie 

between these extremes. 

The test calculates a Z-statistic which is compared to the figure for the Z scores where 

Z is taken as ZO.025 = -1.96, to determine whether the hypothesis should be accepted (if 

the calculated Z statistic is greater than -1.96) or rejected (if the Z statistic is less than 

-1.96). This Z figure of -1.96is obtained from Z tables by considering the 5% 

significance test where Ho is tested at ex .. 0.05. This 5% significance test assumes the 

probability of obtaining such a sample or more extreme sample (Le. margin of er~or) is 

0.05 (1/20th) or less. 

Method 

Successive turbidites of the Vajont Limestone section at Col Visentin (Fig. 4-9. A to G) 

were marked with a + if the transition from the underlying turbidite to the next 

marked an increase in bed thickness; and by a - if the transition represented a decrease 

in bed thickness, thereby forming the sequence Rr The raw data of the Rl sequence 

was then smoothed by averaging the sums of adjacent turbidite pairs, to produce 

sequence R2 (Fig. 4-12). This is done to allow for the occasional random large or small 
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Figure 4-12 

To show the production of transition sequences Rl and R2 from a 
hypothetical sequence of turbidite beds. Sequence R 1 using raw data; 
sequence R2 using a moving average over 2 adjacent beds. 
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bed that may otherwise break up a sequence, also making some allowance for the range 

of aUocyclic controls that may affect turbidite volume. The result of this process is to 

produce slightly longer + and - runs than in Rl sequence (Fig. 4-12). The runs of + 

and - symbols mark thickening-upward and thinning-upward bed thickness trends 

respectively. Occasional differences in adjacent turbidite thickness of less than Scm 

were considered to be insignificant where necessary in order to maximize the length of 

the runs. 

It is the R2 sequence that is used in subsequent calculations. Only oolitic turbidite 

thicknesses are used, the occasional pelagic mud interbeds are ignored. This is justified 

since these mud units are blankets of suspended mud and as such are not relevant to 

the mechanism of channel/lobe construction [e.g. Hiscott 1981]. 

The recognition of individual turbiditic events within the aggraded Vajont Limestone 

section is more difficult than in turbidite sequences with mudstone-turbidite 

alternations. This test is therefore carried out in full recognition of the possible 

"human error" in recognizing all turbidite events within the succession during log 

construction. 

Calculations 

The Z-statistic was calculated individually for each log section (Figs. 4-9, A to G) of 

the Vajont Limestone at Col Visentin in order to pick out any up-section stratigraphic 

trends; and was subseqeuntly calculated for the entire sequence as a whole. As a 

control test, turbidite thicknesses from a section of the outcrop at Col Visentin were 

randomized and drawn out to form an artificial sequence that was therefore known to 

be random, to double-check against the Runs Test methodology. 
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For the test calculations, n1 and n2 must both be >9, where: 

(1) D1 = the number of + symbols in the R2 run 

D2 = the number of - symbols in the R2 run 

U = the total number of runs (Le. sequences of + and - symbols) 

where: 

and: 

Z statistic = 

u = u 

(f = 
u 

u-u u 

2nln2 
+1 

(n
1 

+ n
2
)1 (n

1 
+ n

2 
- 1) 

(calculated to 3 sig. figs.) 

(2) By testing Ho at ex = 0.05: 

ZO.025 = -1.96 (from Z table) 

Therefore, if: 

Z statistic < -1.96 

there are fewer runs than expected in a random sequence, the hypothesis is rejected 

and the sequence is probably Dot random. 

However. if: 

Z statistic > -1.96 

there are more runs than expected from a non-random sequence, the hypothesis is 

accepted, and the sequence is probably random. 

Results 

The results of the test are shown in Table 4-A. In all cases, the Z-statistic was greater 

than -1.96, and therefore the sequence of turbidites within the Vajont Limestone is 

random. The numerical figures obtained for the random draws were similar to that 

obtained for the true succession, further strengthening the interpretation of the results. 

The use of the R2 smoothed sequence, which maximizes the length of the runs, from 

that of the Rl sequence, enhances the results even further. 
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Log fig. D1 D2 U Uu 
sigmau Z Accept/ Random 

Reject 

H at oc = 0.5 
0 

A&B 26 33 24 30.085 3.753 -1.62 Accept 

C 26 24 26 25.96 3.494 +0.011 Accept 

D 20 25 22 23.222 3.274 -0.373 Accept 

E 20 22 18 21.952 3.l93 -1.238 Accept 

F 23 23 19 24.00 3.353 -1.491 Accept 

G 16 17 15 17.485 2.800 -0.884 Accept 

Whole 

Sequence 131 144 124 138.193 . 8.258 -1.718 Accept 

Control Test 

Random 

Draw 1 22 18 20 27.400 4.808 -1.539 Accept 

Random 

Draw 2 20 22 17 21.952 3.193 -1.551 Accept 

N.B. 1 contained too few beds to satisfy test requirements, so 1 and 2 were tested 

together. 

Table 4-A. Results of the Runs Test for log sections of the Vajont Oolite Formation at 

Col Visentin. 

Conclusions 

Under the terms of the Runs Test, the turbidite sequence of the Vajont Oolite 

Formation is considered to be the product of random turbidite events, rather than 

being controlled by autocyclic fan processes that would preferentially deposit turbidites 

in thickening-upward and thinning-upward sequences. 

Cycles actually validated by the methodology of the Runs Test are shown in black 

immediately opposite the log section on each log A-E of Fig. 4-9. Although they 

represent valid cyclic trends under the terms of the test, they are likely to be the 

product of a chance occurrence with the random succession. 
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It is noted that most of the statistically valid cycles or trends are note clearly picked 

out by the graphic bed-thickness plots, especially when occurring in thin bedded 

turbidite sequences, for example logs C and F of Fig. 4-9. The number of trends 

"validated" by the Runs Test is 13 thickening upward and 9 thinning upward sequences. 

Thy are all more sporadic than those obtained by graphic means and involve three to 

six beds. By means of comparison, up to 17 beds were included in some "cycles" 

recognized by graphic means (e.g. log F column C, of Fig. 4-9). This seriously 

Questions the use of these plotting mechanisms for recognising fan-type cyclicity. 

4.3.2.4 Inferences and modern analogues 

The statistically random bedding organization of the Col Visentin section, indicates that 

long-term channels or canyons were not controlling resedimentation within the 

turbidite system. Rather, a less ordered depositional system is indicated to have 

controlled "lobe" formation and turbidite entry into the basin. By analogy with modern 

carbonate platform margins, this disordered depositional system would be created in an 

apron setting, whereby turbidites were being fed to the Belluno Trough through 

numerous minor entry points, such as gullies along the margin of the Friuli Platform. 

These turbidites may have been both of local or basin-wide extent and coalesced within 

the Belluno Trough to form a basin-margin-parallel wedge of oolitic sand turbidites. 

The vertical succession is interpreted as reflecting a stacking of the turbidite lobes by 

ongoing basin subsidence (i.e. aggradation). 

This hypothesis of overlapping turbidite lobes forming at the base-of -slope is 

strengthened by research into the geometry of individual, recent carbonate turbidite 

layers. 

The detailed field studies of recent carbonate turbidites that reveal the geometry and 

internal sedimentary structures of individual turbidite layers, are limited to relatively 

few early piston core studies of Bahamian basins: an early study of Tongue of the 

Ocean by Rustnak & Nesteroff [1964] and later Schlager & Chermak [1979]; Columbus 

Basin [Bornhold & Pilkey 1971]~ the Gulf of Mexico [Davies 1968]; the Hispaniola

Caicos Basin [Bennets & Pilkey 1976]~ and Exuma Sound [Crevello & Schlager 1980]. 

All of these studies reveal lobe shaped turbidites issuing from minor sources, and two 

studies in particular document overlapping multiple sourced turbidite lobes. 

Bornhold & Pilkey [1971] provided the first detailed study on the geometry of 

individual carbonate turbidite layers, correlating six partially overlapping turbidites 
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Figure 4-13 

A) Geometry and isopach maps of carbonate turbidite layers from 
the Columbus Basin (from Bornhold &. Pilkey [1971 J). 

B) Geometry and isopach maps of three carbonate turbidites from 
the Hispanola-Caicos Basin (from Bennes & Pilkey [1976]). 
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from a northern sub-basin of the Columbus Basin (Fig. 4-13, A). The Columbus Basin 

is an open-marine basin (lying south-east of Great Bahama Bank) with steep slopes: 

within 5km of the bank edge the basin is 2200m deep. Fine-grained material is 

trapped on this steep by-pass slope and the turbidites consist of shallow-water 

carbonate grains (Halimeda plates, ooids and peloids) and bioclasts. The turbidites take 

the form of overlapping tongues of crudely graded turbidites, between 1-250cm thick, 

that travelled up to 150km from source, and were initiated at a frequency rate of 1 

every 3,000-6,000 years. 

Bennets & Pilkey [1976] mapped three carbonate turbidites from the Hispanola-Caicos 

Basin (which lies east of Cuba and north of Haiti) which are shown on Fig. 4-13, B. 

The grey and green turbidites are mixed terrigeneous and carbonate (the carbonate 

fraction being ooids and bioclasts), while the tricolour turbidite consists of ooids, 

peloids and shallow-water skeletal components (bank-derived), along with forams and 

pteropods (slope-derived). These turbidites are all lobe-shaped and cover areas of 

3,500-5,200km2, and all show a well-developed dominant T division. a 

An early piston core study by Rustnak & Nesteroff [1964] in the Tongue of the Ocean, 

documented a complex arrangement of turbidites entering the basin from numerous 

entry points and spreading out over a limited areal extent on the basin floor. These 

authors provided detailed descriptions of the turbidites, which are normally graded but 

lack a Bouma Tc division (as in the Vajont examples). T~ey were unable to correlate 

individual turbidites between cores due to the small extent of the turbidites and their 

occurrence as stacked turbidites without intervening basinal fines. Later, Schlager & 

Chermak [1979] were able to plot out some of these lobes, proving the earlier theory of 

Rustnak & Nesteroff [1964] by illustrating a continuous and concentric belt of 

turbidites along the lower slope and basin floor of the Cul-de-Sac at the southern end 

of Tongue of the Ocean (Fig. 4-14, A). 

Conolly & Ewing [1967] describe multiple sourced carbonate turbidites along a gullied 

by-pass margin from the Puerto Rico trench. One of these turbidites travelled over 

100km from source and deposited 20-S0cm of carbonate sand ten metres 

topographically higher than its entry point. All these turbidites are simply graded 

throughout, not displaying complete Bouma cycles. Davies [1968] recognized similar 

simply graded carbonate turbidites with erosive bases, that contain micrite rip-up clasts 

influxing the Gulf of Mexico form the Campeche shelf. These turbidites travelled up 

to 350 miles and cover an area of the Gulf of Mexico IOO,OOOkm2. 
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Geometry of carbonate turbidite layers in southern Tongue of the Ocean, 

~isplaying lobate patter.ns and multiple entry points. 

(from Schlager and Chermak, 1979) 

Geometry of three carbonate layers in northern Exuma Sound. 

(from Crevello and SchJager, 1980) 



Crevello & Schlager [1980] describe two tongue-shaped turbidite layers from Exuma 

Sound, issuing from a gullied slope and extending for 15-20km into the basin (Fig. 4-

14, B). Layer I (120km2) is simply graded, and the mean diameter of the constituent 

Halimeda and ooids does not show any variation away from source although the layer 

thins. Layer II (400km2) shows a good correlation with sediment thickness and 

distribution of sedimentary structures, the thickest and coarsest grained portion of the 

layer occurring along the axis of the isopach map (Fig. 4-14, B). Out from this axis, 

the turbidites become finer grained base-cut-out types. Layer III (2100km2) is a 

muddy, rubbly debris flow with a turbidite cap that covers the entire length of the 

basin axis. 

These studies seem to enhance by analogy, the interpretation of the Vajont Limestone 

as a line sourced apron of overlapping turbidite lobes, that formed within the Belluno 

Trough. The examples shown in Figs. 4-13, A and 4-14, A are directly analogous to 

what the author envisages to explain the environment of deposition for the Vajont 

Limestone. However in the case of the Vajont Limestone, a strong tectonic control of 

the basin served to aggrade the apron to produce the observed stacked turbidite 

sequence. 

4.3.3 The Vajont Limestone of the Trento Plateau 

The main concepts of deposition of the Vajont Limestone are drawn from the outcrops 

within Belluno Trough; however important, but stratigraphically reduced sections occur 

on the margins of the Trento Plateau where the Vajont apron spilt westwards onto the 

step-faulted margin of this pelagic seamount and enhance the interpretation drawn 

from the sections of the Belluno Trough. 

4.3.3.1 Mis Valley section, Mis 

The succession at Mis (Fig. 4-1) is exposed in the river valley below the Mis lake dam. 

The outcrop of the Vajont Limestone is some fifty metres thick and is shown in Fig. 

4-15 [Bosellini et al. 1981a]. The succession is displayed in a near vertical succession 

that exposes a syn-rift section which passes from the Lower Jurassic to the Oxfordian. 

The shallower water Lower Jurassic platform limestones are overlain by bimodaUy 

cross-stratified encrinitic grainstones marking initial platform margin foundering and 

sedimentation on a shallow current-swept sea-mount (comparable to facies transitions 

seen on Mallo rca - Section 3.1.4). These facies are overlain by reddish nodular pelagic 
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Figure 4-1S 

The section of the Vajont Limestone at Mis (after Bosellini tl al. 
[1981a)}. 

1 - nodular limestone 
2 - mudchips 
3 - thin bedded cherty peloidal packstone 
4 - encrinitic lrainstones 
S - ammonites 
6 - grooves 
7 - parallel lamination; ripples 
8 - cross-stratification 
9 - echinoderm fragments. 
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wackestones with incipient hardgrounds, marking further deepening and isolation. The 

transition to the Vajont Limestone is abrupt, the nodular facies being overlain by some 

20m of massive oolitic packstone, of which the lower five metres is slumped. 

The ensuing turbidite succession is bedded, generally on the scale of a metre or less. 

Mud-chip breccias such as those at Col Visentin are absent, but mudchips of a few 

millimetres to lcm may be sporadically present in the basal divisions of some 

turbidites. The turbidites typically grade from medium-sand grade peloidal-oolitic 

sediment to fine sand grade or pelagic mud with a higher incidence of packs tones than 

sections within the Belluno Trough. Parallel lamination is common in the upper parts 

of the turbidites, but basal erosion is rare, the turbidites typically having a sheet-like 

geometry. The majority of individual turbidite thickness is still composed of a thick 

T type division, and coarse-tail grading and other features of high-density turbidity a 

current emplacement are still present in this distal section. 

Discussion 

The transition between the massive basal oolite and the underlying nodular mudstones 

is abrupt, and these non-graded and slumped basal units are probably the result of 

mass failure of oolite onto the drowned margin in response to tectonic down faulting of 

the eastern margin of the Trento Plateau. 

In concert with this being a distal section of the Vajont sandbody, mud-chip 'breccias' 

are absent from the succession. Granstones predominate over packstones and beds are 

still of substantial calibre for having travelled 50-60km across the Belluno Trough. 

There is an abrupt transition above bed 24 (Fig. 4-15) to a pelagic mudstone unit_ with 

occasional thin horizons a few millimetres thick of fine sand grade peloids. This 

abrupt cut-off of oolite turbidite supply may reflect a tectonic subsidence of the 

Belluno Trough which cut off major turbidite sedimentation up onto the Mis block, 

only allowing the overspill of muddy fines deposited from dilute turbidite suspension. 

At bed 27 (Fig. 4-15) there commences a second brief phase of oolite resedimentation 

before the re-instatement of dilute facies. This switching on and off of oolite 

resedimentation may reflect a direct tectonic control on resedimentation to the 

structurally elevated Trento block. 
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Figure 4-16 

The section of the Vajont Limestone at Ponte Serra (after Bosellini et 
al. [1981]. 

1 - oolitic grainstone 
2 - thin bedded cherty mudstone 
3 • hardground 
4 - parallel lamination; ripples. 
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The section shows no internal bed thickness trends, although beds do tend to thin 

before the transition to the mudstone units occurs, indicating a retrogradational 

transitional trend. This trend would enhance the hypothesis of subsidence events 

controlling resedimentation. The two oolitic sequences depositional at Mis may be 

analogous to small scale thinning-upward sequences associated with subsidence events 

of the type described on a much larger scale by Surlyk [1978]. Stow [1985b] and Eberli 

[1987] and shown by the Cutri Formation apron of Mallorca (Section 3.2.1). 

4.3.3.2 Ponte Serra section, near Feltre 

This section, exposed in the river valley at Ponte Serra (Fig. 4-1; also see inset on Fig. 

4-16), is a poorly exposed section of the far western spill-over of the Vajont sandbody. 

which is represented by a thin 10m thick succession of the Vajont Limestone [Bosellini 

et al. 1981a]. This area exposes the Toarcian-Aalenian San Vigilio Oolite, which is 

abruptly overlain by encrinitic grainstones and then the Ammonitico Rosso Inferiore, 

which is capped by a hard-ground and then peloidal wackestones (Fig. 4-16). The 

turbidites are predominantly peloidal packstones and mudchips are completely absent. 

The thick unit (Fig. 4-16) is a coarser grainstone, that is rich in echinoderm fragments. 

The turbidites are all separated by pelagic mudstones that may contain chert. 

Discussion 

Bosellini et al. [198la] state that the sequence at Ponte Serra is organized into 

"thickening-coarsening upward cycles"; the author disagrees with this statement and 

considers the turbidite sequence to be random. The Ponte Serra section is interpreted 

as being deposited on a palaeogeographically higher level than the block at Mis (refer 

back to Fig. 4-7) and represents the farthest westward extent of the Vajont Limestone, 

and as such represents a section through the apron fringe. The abrupt occurrence of 

the lower turbidite package and the uppermost isolated turbidite 16 (Fig. 4-16) may 

reflect episodic tectonic control on resedimentation such as that inferred for the section 

at Mis. 

4.3.4 Summary 

The Vajont Limestone is interpreted as an aggraded base-of -slope apron modified after 

the base-oC-slope model of Cook [1983] and Mullins & Cook [1986] (Fig. 4-17). This 

apron is more analogous to the general principles of the faulted-slope apron of Stow el 
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Figure 4-17 

Proposed model for the deposition of the Vajont Limestone. 
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al. [1983/84]; Stow [1985a] and Stow [1986]. This apron served to plain the original rift 

topography between the Friuli and Trento Platforms. 

By analogy with modern carbonate aprons along major stable carbonate margins in the 

Bahamas, the Vajont Limestone is interpreted to have been sourced from numerous 

entry points along the western margin of the Friuli Platform. These minor sources 

were likely to have been slope gullies which form on carbonate slopes as a function of 

slope angle [Schlager & Ginsburg 1981] (Section 2.5.1). These gullies funnelled high

density "sandy" oolitic turbidites down into the Belluno Trough forming sheet-like, 

lobate turbidite layers that overlapped along strike, to form a basin margin parallel 

wedge of turbidite lobes. Successive turbidite influxes prograded or aggraded onto, or 

were deflected over previous flows, as a function of relative local sea-floor topography, 

forming a random turbidite succession. This process resulted in sequences of turbidites 

that resemble stacked and interfingering submarine fan lobe successions. 

Sedimentation was concentrated sourcewards in the east of the Belluno Trough where 

the apron is thickest, implying that the floor of the Belluno Trough was slightly tilted 

(0.50 -1 0) towards the Friuli Platform. This indicates a fault control on the margin of 

the source platform [c.f. Surlyk 1978; Stow 1985b; Eberli 1987]. Downfaulting of the 

western margin of the Friuli Platform has already been demonstrated (refer to Fig. 4-6, 

log 1), indicating that this was likely to be the case. Ongoing tectonic subsidence of 

the Belluno Trough prevented progradation of both the platform margin and the apron, 

and gave rise to the aggradation that was ultimately responsible for the great vertical 

thickness of stacked oolitic turbidites that characterize the succession. 

Syn-depositional down-faulting of the eastern margin of the Trento Plateau permitted 

the apron to onlap westwards onto its foundered stepped-margin, where an aggra~ed 

succession of outer/distal apron (Mis) and apron fringe (Ponte Serra) are preserved. 

4.4 Controls on Sandbody Architecture 

4.4.1 Palaeogeographic Control 

The Vajont Limestone apronwas primarily controlled by several palaeogeographic 

factors which strongly influenced its development. The Trento-Belluno-Friuli region 

of the Southern Alps had the most easterly palaeogeographic situation of the three areas 

considered, and was open and unprotected from the main Tethys Ocean to the east 



(Fig. 1-2 and 1-3). The region was remote from any landmass, the nearest, the Silo

Stilo-Brianconnais landmass, lying some 400-600km to the north-west of the region 

[Dercourt et al. 1986] (Figs. 1-2 and 1-3). 

From the early Bajocian-Callovian, the region drifted southwards between estimated 

palaeolatitudes of about 250 -21 0 (by extrapolating the maps of Dercourt et al. [1986]), 

thereby placing it well within the Mesozoic hurricane belt throughout the Lower and 

Middle Jurassic [Duke 1985; also see Section 3.4.1]. Winds for this time are considered 

to be prevailing north-easterly to easterlies, analogous to present day trade winds 

[Tottman-Parrish & Curtis 1982]. Unprotected to the east, the Friuli Platform was in 

an ideal position to experience the effects of strong winds building to hurricane force 

over the warm oceanic expanse of Tethys [c.f. Allan 1975]. This makes the situation of 

the Friuli Platform highly analogous to modern Bahamian Platforms, which are affected 

by easterly trade winds blowing over the Atlantic Ocean. As on the modern Bahamas, 

hurricanes would be suspected as being major agents of off-bank sediment transfer 

[c.r. Hine & Neumann 1917; Hine et al. I981b]. 

The margin of the Friuli Platform faced west with respect to the Belluno Trough and 

with prevailing winds from the east, the western margin of the Friuli Platform would 

classify as a leeward margin. Bosellini et al. [I981a and b] and Winterer & Bosellini 

[1981] state that the Friuli Platform became the windward margin of the Ligurian 

Ocean. The Ligurian Ocean, contrary to the aforementioned authors, did not 

commence sea-floor spreading (i.e. drift) until the Callovian [Section 1.3.1] and was still 

undergoing syn-rift evolution during resedimentation of the Vajont Limestone. The 

large quantities of oolite transported off the Friuli Platform into the Belluno Trough 

are consistent with a palaeo leeward margin setting [e.g. Hine et al. 1981 b 1, not a 

palaeo-windward setting [e.g. Mullins et al. 1984] (see Sections 2.5.2 and 2.5.3). ~his 

would indicate that the platform was primarily influenced by the major global wind 

systems and not by more local 'Ligurian' effects, as suggested by previous workers 

[Bosellini et al. 1981a and b; Winterer & Bosellini 1981]. 

The palaeoleeward situation of the western Friuli Platform margin shows analogies with 

the west-facing margins of Little and Great Bahama Banks, as described by Hine 

[1981 b]. As far as the author is concerned, and as will be demonstrated in this Section, 

the nature of the oolitic facies in the Belluno Trough prove beyond reasonable doubt 

that the western margin of the Friuli Platform was a classic example of a palaeoleeward 

margin. 
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The vast thickness, aggraded architecture and oolitic sand-rich nature of the Vajont 

Limestone all indicate that active off-bank transport of oolitic sands was occurring 

throughout deposition of the Vajont sandbody. This indicates the large, stable Friuli 

Platform was a healthy keep-up type platform [c.f. Kendall & Schlager 1981] that 

easily outpaced long-term subsidence and was able to buffer itself against net sea-level 

changes by active up-building and out-building. The large amounts of resedimented 

oolite in the Belluno Trough record the impressive growth potential and over

production rates on the bank-top. The Belluno Trough was a very narrow depositional 

basin when compared to the size of source area of the Friuli Platform, and active over

supply of sediment from this platform contributed to the aggradational nature of the 

resedimented sandbody architecture in the Belluno Trough. 

The north-east-easterly trade winds were the most likely agents to provide the net off

bank energy flux; by comparison with the Bahamas where eight major storms of 

hurricane strength affect the area per ten years [Hine et al. 1981b and 1983b]. this 

could amount to 12 million possible storms of hurricane strength affecting the Friuli 

Platform from the east, during deposition of the Vajont Limestone. 

Aggradational build-up of the Ternowaner Oolite at the Friuli Platform margin was 

SOO-700m [Bosellini et al. 1981a], produced as a result of subsidence, and net sea-level 

rise. The platform margin managed to overproduce sediment and shed an average 

thickness of 300-400m of "excess" oolite into the Belluno Trough. for at least 100km 

along strike. As discussed in Section 4.2.1, a rough estimate of the volume of oolite 

resedimented into the Belluno Trough ranges from 1200kms to 2500kms. The average 

syn-Vajont off-bank sediment flux averages roughly O.l2km3/103 years, which is 

considerably lower than that of the rapid Holocene off-bank sediment flux along_ 

leeward margins in the Bahamas of O.3km3/lOs [Hine et al. 1981b]. 

One feature of the Vajont Limestone is the paucity of carbonate mud both within the 

succession and within the body of the turbidite flows, which may be due to a number 

of factors. The Ternowaner Oolite on the Friuli Platform is cross-stratified and shows 

bimodal palaeocurrents with a NNE direction [Bosellini et al. 1973] and similar 

palaeocurrent directions are shown from the older San Vigilio Oolite on the Trento 

Plateau (Barbujani et aI. 1986]. The palaeophysiography of the narrow Belluno Trough 

may have amplified and channelled tidal currents, as in Tongue of the Ocean [Hine & 

Neumann 1977; Hine et al. 1981a] and boundary currents were likely to have been 
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reinforced with drowning of the Trento Plateau [Ogg 1981; Bosellini et al. 1981 b]. This 

situation may have favoured the development of only active, mud-free oolite shoals 

along the margin edge, whose nature would also have been controlled by margin 

topography and relative sea-level changes. 

Although the Belluno Trough was of very similar dimensions to the present day Tongue 

of the Ocean (Bosellini et al. 1981b] (Fig. 4-18, A), in its evolution and 

palaeogeographical setting, it mirrors the development and early infill of the Straits of 

Andros (as described by Eberli & Ginsburg (1987, 1987 and 1989]) (see also section 

2.3). 

The Straits of Andros was a fault-bounded trough, initiated in the mid-Cretaceous, 

that was 25km wide and over 1500m deep, and separated Andros Bank to the east from 

Bimini Bank to the west (Fig. 4-18, B and C). The Straits of Andros were 

progressively infilled during the Cenozoic to produce the present-day large Grand 

Bahama Bank platform (its relative position is shown in Fig. 2-1). The Straits of 

Andros were infilled from east to west by the shedding of carbonate sands from the 

leeward margin of Andros Bank. This infilling procedure took the form of two distinct 

phases: (1) early aggradational infill of the structural depression with resedimented 

platform and slope sediments that levelled the basin topography; and (2) a second, later 

phase, of successive pulses of east to west platform margin progradation, which 

extended the margin of Andros Bank out over the aggradational series (Fig. 4-18, C). 

The early aggradational phase transformed the steep fault-bounded leeward margin into 

a by-pass slope, and then a low angle accretionary slope, levelling the rift topography. 

It is this aggradational phase that the author proposed is directly analogous to the 

development of the aggraded apron of the Vajont Limestone, that levelled the rift 

topography of the Belluno Trough with resedimented oolitic sands. 

The second phase of evolution, that of progradation, occurred out over the aggraded 

infill deposits within the Straits of Andros. This progradational phase is somewhat 

analogous to the Upper Jurassic succession of the Friuli Platform and Belluno Trough 

(Fig. 4-4), though it is poorly developed by comparison with the Straits of Andros. 

Progradation of the platform margin occurred out over the levelled basin floor created 

by the aggradational phase, only when specific conditions had been met: the seaway 

had shoaled to 500m due to infill with the aggradational succession, and the 

accretionary slope angle had decreased to 50 or less. 
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Figure 4-18 

A) Comparison of the morphology of the Belluno Trough with that of 
Tongue of the Ocean. (modified after Bosellini et al. [1981 b1 
to show basement faults in Tongue of the Ocean. after Mullins 
[1983a]). 

B) Schematic cross-section across Great Bahama Bank. displaying 
intraplatformal seaways and nuclear platforms. (from Eberli & 
Ginsburg [1989] - key as for C). 

C) Cross-section through the Straits of Andros. On the leeward 
margin. decreasing slope angles show evolution from fault
bounded by-pass to accretionary slope, and finally to 
prograding slope. 

I • high angle wedge 
2 • horizontal oniap fill 
3 • low angle wedge 
4 • variable continuity 
S • chaotic 
6 • partially stratified 
7 • sub-parallel 
8 - incoherent 

(from Eberli & Ginsburg (1989». 
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Eberli & Ginsburg [1989] consider that the profile of the sea-floor is an important 

factor controlling platform margin progradation, which is not possible until the 

aforementioned basin infill and decrease of slope angle has been reached. The 

aggradational architecture of the Vajont Limestone implies that the degree of infill and 

accretionary slope angle formation necessary as a pre-requisite of leeward platform 

margin progradation had not been reached by the end of Vajont deposition. By 

analogy, this implies that the slope was still of accretionary type, and was likely to 

have been >5°. 

4.4.2 Tectonic Control 

A primary fundamental morpho-tectonic control on basin geometry has been 

demonstrated previously in Sections 4.1.3 and 4.2.1 and was an important pre-requisite 

for development of the observed sandbody architecture. Structural control defined the 

narrow, elongate basin that was of restricted size, and became infilled with great 

Quantities of oolitic sand from the large, stable Friuli Platform. Ongoing tectonic 

subsidence of the Belluno Trough was demonstrated by Winterer & Bosellini [1981] 

(Fig. 4-19) that prevented progradation, favouring aggradation. Rather than the system 

being progradational [Bosellini et al. 1981 a and b], it is more correctly classified as 

aggradational on-lap. The aggradation observed within the resedimented sandbody 

implies the turbidite system was anchored by source platform parallel fault/faults [c.f. 

Surlyk 1978; Stow 1985b; MacDonald 1986]. Downthrow of the western margin of the 

Friuli Platform prior to Vajont resedimentation has been demonstrated by Bosellini & 

Sarti [1978] (and in Section 4.1.4.3, Fig. 4-6) and indicates a further slight eastward 

extension of the southern continental margin of the Ligurian Ocean, upon continued 

extension related subsidence. 

It has been discussed in Section 4.2, that the author considers there to have been a 

slight eastward tilt of the floor of the Belluno Trough of between 0.5° to a maximum 

of 1°, which may have occurred in response to extensional events that preceded oolite 

resediment and led to collapse of the western margin of the Friuli Platform. The 

narrowness of the Belluno Trough, compared to the size and productivity of the large, 

stable Friuli Platform, favoured the accumulation of large quantities of offbank 

. transported resedimented sand to this comparatively small depression. Isostatic 

sediment load induced subsidence of the Belluno Trough was likely to have been of 

major importance, considering the sheer volume of sediment loaded into this fault-
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Figure 4-19 

A) Estimated age versus depth curve for the eastern edge of the 
Trento Plateau near Fonzaso. 

B) Estimated age versus depth curve for the Belluno Trough near the 
edge of the Trento Plateau. 

(from Winter & Bosellini (1981». 
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bounded depression [cf. Sleep 1976~ Steckler & Watts 1978], and sediment load induced 

subsidence may itself have actively initiated further resedimentation events into the 

basin, thus encouraging aggradation. 

The oolitic turbidites were likely to have been generated by several processes, including 

direct fault-activity, as well as processes affecting modern carbonate platform margins, 

such as margin oversteepening, as a result of carbonate sand build-up at the bank-edge 

[c.f. Hine 1981b] and by relative sea-level fluctuations causing margin instability [c.f. 

Mullins et al. 1986]. The evidence for direct fault initiation is evident at the onset of 

Vajont sedimentation and is observed at the Vajont Gorge, where the massive basal 

unit 10m thick erosively overlies the Igne Formation; and at Longarone, where there is 

evidence of early syn-sedimentary tectonism (Sections 4.3.1.1 and 4.3.1.2 respectively). 

The important tectonic subsidence of the Belluno Trough was a major control on 

sandbody architecture, responsible for the aggraded nature of the apron. If basin 

subsidence rates had been lower, the Friuli Platform margin would have been able to 

prograde westwards over the apron surface. As it was, continued basin subsidence 

prevented margin progradation and was directly responsible for the great thickness of 

the Vajont Limestone. 

4.4.3 Eustatic Control 

The known stratigraphic range of the Vajont Limestone does not coincide with a 

distinct episode of either eustatic drawdown or sea-level rise, as shown on the curves 

of Haq et ai, [1987 and 1989] (Appendix Fig,S). Long term eustatic sea-level gradually 

rises and then commences a long-term fall, (Note: Hallam [1988] considers there to 

have been continuous long-term sea-level rise during this period.) 

According to the curves of Haq el al. [1987 and 1989], deposition of the Vajont 

Limestone occurred predominantly during 2nd order supercycle LZA-2, although 

deposition may have extended downwards into the early Bajocian of LZA-l, and 

partially upwards into 3rd order cycle 3.1 of supercycle LZA-3 (Appendix Fig. 5). 

During this period, long-term eustatic sea-level rose through the Bajocian to reach a 

high-stand in the early Bathonian in 3rd order cycle 2.2; from whence it commenced a 

long-term eustatic fall to reach a low-stand in 3rd order cycle 2.4 in the Upper 

Bathonian, from whence sea-level commenced a long-term rise throughout the 

Callovian and Oxfordian. 
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The abrupt termination of oolite resedimentation to the Belluno Trough reflects the 

termination of the oolite production on the source platform and the exposure of the 

Ternowaner Oolite. Where the Ternowaner Oolite outcrops in Yugoslavia (Fig. 4-6). 

the top is fractured, reddened, karstified and dolomitized [Bosellini et al. 1981 b]. This 

surface indicates subaerial exposure of the Friuli Platform (in Yugoslavia only). 

indicating a major eustatic fall of sea-level [c.f. Mullins 1983c]. While "stable" 

carbonate platforms can keep up with all but the very rapid pulses of sea-level rise. 

they are highly susceptible to major sea -level fall [Kendall & Schlager 1981; Mullins 

1983c]. Bosellini et al. [1981b] consider the cessation of oolite supply and the exposure 

of the Friuli Platform to be concomitant with "a major sea-level fall in the Callovian". 

Considering that the Fonzaso Formation radiolarite is now considered to be 

end/Bathonian Callovian-Oxfordian in age (after Baumgartner [1987]). and is assumed 

to correlate with the radiolarite in the Lombard Basin, the obvious sea-level fall to be 

responsible for this event is the major sea-level faU at the end Bathonian-early 

Callovian. This event is recorded by Vail et al. [1984]. Haq et al. [1987 and 1989) as 

well as Hallam [1988] at the end of 3rd order cycle 2.4 that continues into cycle 3.1 

(Appendix Fig. 5). Eustatic sea-level fall therefore controlled the upper boundary of 

the Vajont Limestone apron, which would also approximately coincide with the 

commencement of sea-floor spreading in the Ligurian Ocean [e.g. Dercourt et al. 1986] 

(see Section 1.3.1). This sea-level fall is most likely to be the cause for the occurrence 

of the debris flow. terminating the succession at Col Visentin, that contains platform

derived cemented clasts (section 4.3.2.1. and Plate 4-VI,B). Debris flow emplacement 

has been related to eustatic lowering by Crevello & Schlager [1980]; Johns [1981] and 

Cook et al [1987]. 

Sea-level fluctuations do not appear to have greatly affected resedimented facies _ 

development within the Vajont Limestone (such as inferred for the Cutri Formation 

(Section 3.4.3», the sequence being clearly aggradational with no marked breaks in 

oolite resedimentation. This indicates that the large "stable" Friuli Platform managed 

successfully to buffer changes in sea-level by varying rates of margin upbuilding [c.f. 

Schlager 1980; Kendall & Schlager 1981] and off-bank transport of "excess" oolitic 

sands [e.g. Hine 1981b & 1983a1 in response to different rates of net sea-level rise. 

This enabled the margin to produce oolitic sand for off -bank transport throughout the 

Bajocian and Bathonian. Eustatic sea-level changes superimposed on regional 

subsidence were undoubtedly the important control instrumental in governing the rate 

of sediment production and the rate of off-bank flux to the Belluno Trough [c.f. Eberli 
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& Ginsburg 1989] by varying the rate of relative sea-level rise. 

4.4.4 Summary 

The development of the Vajont apron was primarily influenced by the 

palaeogeographical situation of the Friuli Platform; and secondly, by the tectonic 

control of the Belluno Trough. The Friuli Platform, situated on the eastern edge of 

Western Tethys, was a stable platform, dominantly affected by the full climatic effects 

of Tethys to the east. A "healthy" platform, it was able to buffer efficiently the 

combined effects of eustatic sea-level fluctuations and subsidence, until a major 

eustatic sea-level fall at the end of the Bathonian/early Callovian, which subaerially 

exposed the platform, cutting off oolite supply to the apron. Prior to this event, the 

effects of subsidence combined with eustatic variations of sea-level, combined to 

produce a net active off-bank sediment flux. 

The western margin of the large Friuli Platform acted as a leeward margin, and as such 

was dominated by the active off-bank transport of oolitic sands that is recorded in the 

apron sequence of the narrow and structurally confined Belluno Trough. Tectonically 

controlled subsidence of the trough, aided by the sediment load imposed by the apron, 

served to aggrade the resedimented sandbody, repeatedly stacking the apron and 

preventing westward platform margin progradation. The development of the Vajont 

Limestone apron is interpreted as being almost directly analogous to the aggradational 

infill of the Straits of Andros as explained in Section 4.4.1. 

In the case of the Vajont Limestone, the palaeogeographic and tectonic setting of both 

the Belluno Trough and the Friuli Platform provided the optimum pre-requisites for 

the development of a sand-rich resedimented apron system. 
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4.5 Final Conclusions 

The Vajont Limestone is interpreted as an aggraded oolitic apron of major stratigraphic 

proportions, that served to level the rift topography between the Friuli Platform and 

the Trento Plateau by aggradational infill of the Belluno Trough. In so doing, the 

apron evolved from being an early by-pass to probably becoming more of an 

accretionary slope apron later on in its development, in an analogous manner to the 

aggradational phase of infill of the Straits of Andros [c.r. Eberli & Ginsburg 1987, 

1988 and 1989]. The apron interpretation is strengthened by the occurrence of a 

turbidite succession that is statistically random, and is interpreted as forming by the 

random stacking of lobate turbidite sheets sourced from multiple entry points along the 

line source of the Friuli Platform margin. 

This sandbody demonstrates the important interaction between a major 

palaeogeographic control and tectonics governing sandbody architectural development. 

The occurrence of a leeward margin of a large, stable carbonate platform, juxtaposed 

against a narrow basin undergoing tectonic subsidence, combined to trap the over

supply of large quantities of oolitic sands actively transported off -bank, to form a 

basin margin wedge of oolite that was repeatedly aggraded due to basin subsidence. 

The oolitic apron, locally up to 800m thick, involves a volume of up to 2500km3 of 

sediment of stacked oolitic grainstone turbidites without any hemipelagic intercalations 

that would act as potential permeability barriers. The apron overlies a basinal sequence 

that contains Toarcian organic-rich shales, of potential source-rock affinities [Jenkyns 

& Clayton 1980; Dr P Farrimund (Organic Geochemistry, Bristol), personal 

communication 1989] and is stratigraphically overlain by radiolarites and then other 

strategically higher fine-grained basinal facies that could act as potential hypothetical 

sealant facies. This sandbody setting therefore has a theoretical potential to develop a 

reservoir of major proportions, which would continuously run parallel to the strike of 

the source platform margin. The combination of palaeogeographic tectonic and eustatic 

controls on this apron system illustrate development of the optimum pre-requisite 

controls for major sand-rich resedimented carbonate sandbody formation. 
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CHAPTER 5 

THE PENICHE SEQUENCE OF THE BRENHA FORMATION, 

PENICHE, WESTERN PORTUGAL 

5.1 General Introduction and Setting 

5.1.1. Introduction 

An areally restricted but relatively thick, resedimented oolitic - peloidal carbonate 

sandbody, occurs within the Lower Jurassic sequence of the Lusitanian Basin of 

Western Portugal. Outcrops of the resedimented facies are confined to the coastline of 

the Peniche peninsular, which lies 80km NW of Lisbon (Fig. 5-1 A & B) and occur as a 

localised development within the Brenha Formation shales, lime mudstones and 

wackestones, which underlie and are the lateral equivalents to the sandbody (Fig. 5-2). 
~ 

The 350m thick succession of mixed siliciclastic-carbonate grains tones is of Toarcian-

Aalenian age [Mouterde 1955; Wright & Wilson 1984], making this the oldest of the 

three carbonate sandbodies discussed. The sequence is incomplete, the top of the 

sequence being cut by the present day erosion surface. The exact nature of upper facies 

transitions therefore remains unknown. 

The resedimented facies have not been assigned a formal name by previous workers 

[Wright & Wilson 1984] and is therefore referred to herein as the Peniche sequence of 

the Brenha Formation. Hallam [1971] first described the lower part of the sequence as 

allodapic carbonates, a detailed survey by Wright and Wilson [1982 and 1984] 

confirming this theory for the entire sequence, and interpreting it as a carbonate 

submarine fan. As such, the Peniche sequence appeared to represent one of only a 

very few documented examples of a carbonate resedimented system that conformed to a 

classic submarine fan model. For this reason, it is important to reassess it as a fan, and 

to discuss controls on sandbody formation. 

5.1.2 Geological Setting 

The Lusitanian Basin is situated in West-Central Portugal and the adjacent continental 

shelf, extending from the Iberian continental margin to the offshore Gali'cia Bank 

[Mauffret et al. 1978; Wilson et al. in press). The entire basin is lOOkm wide and 
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Figure S-l 

A) Lower Jurassic isopach, lithofacies and location map of 
the Lusitanian Basin (isopachs are in metres). Localities 
(dots) and wells (triangles) referred to in the text are also 
shown (from Wright and Wilson [1984]). 

B) Locality map of the Peniche peninsular, showing the 
position of outcrops mentioned in the text. 
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250km long [Wilson et al. in press], and accumulated just over 4km of sediments 

[Wilson 1988]. It is manifested onshore as a 23,OOOkm2 NNE-SSW trending outcrop of 

predominantly Mesozoic carbonate sediments. The eastern basin margin is bounded by 

Hercynian basement (granites, migmatites and 

metamorphosed Precambrian and lower Palaeozoic rocks), which in the south form the 

horst blocks of the Berlengas-Farilhoes islands. 

Long-term basin evolution was controlled by the situation of the Iberian plate, placed 

between the opening Atlantic Ocean to the west and the closing Tethys to the east 

[Wilson et al. in press]. The basin was initiated in the Late Triassic [Willis 1988] in 

response to crustal stretching and rifting in the North Atlantic [Jansa & Wade 1975; 

Masson & Miles 1986], leading to collapse along NNE-SSW and NE-SW oriented 

Hercynian basement structures [Wilson 1979; Wilson et al. in press]. It has recently 

been proposed that this collapse occurred in the hangingwall of a major Hercynian 

thrust sheet [Willis 1988]. The entire evolution of the Lusitanian Basin was controlled 

by these basement trends, which were reactivated during the Mesozoic and Tertiary 

giving rise to halokinesis [Wright & Wilson 1984; Wilson 1988; Wilson et al. in press; 

Watkinson in press]. 

5.1.3 Basin Stratigraphy and Evolution 

The Mesozoic sequence of the Lusitanian Basin comprises four unconformity- bounded 

sequences which relate to extensional events in the North Atlantic [Wilson 1988; Wilson 

et al. in press]. The Peniche sequence develops within the first of these sequences, the 

Triassic to Callovian sequence 1 of Wilson [1988] and Wilson et al. [in press]. 

Lithostratigraphic terminology for the Upper Triassic to upper Middle Jurassic is still 

informal. First quoted by Pimmental [1977], it has subsequently been used in pu1)lished 

articles by Wright & Wilson [1984], Wilson [1988], Wilson et al. [in press1 and Watkinson 

[in press]. The Carnian to Callovian stratigraphy of sequence I can be broadly divided 

into continental Carnian- Hettangian (the Silves and Dagorda Formations) and the 

marine carbonates of the Sinemurian-late Callovian (Coimbra, Brenha and Candeiros 

formations). 

Continental Carnian to Late Hettangian 

The Silves Formation (Carnian-Hettangian) is lOO-500m thick and consists of 

continental red sandstones, conglomerates and shales, deposited in fluvial systems 
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Figure 5-2 

Carnian to late Callovian lithostratigraphy of the Lusitanian 
Basin (diagram courtesy of M Watkinson). 
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sourced from the uplifted Iberian Meseta [Palain 1976 and 1979]. The overlying 

Dagorda Formation (Hettangian and latest Triassic) is of unknown precise thickness 

[Watkinson in press] and is a threefold marine evaporite sequence of halite, halite and 

anhydrite, and dolomite and anhydrite. These continental sediments formed in a 

narrow, elongate N-S basin, defined on each side by uplifted basement horsts [Willis 

1988], and sub-divided into a series of graben and half-graben basins [Guery et ai. 

1986; Willis 1988; Wilson et al. in press]. Jansa et ai. [1980] correlate the Dagorda 

evaporites with coeval facies of the Grand Banks. 

Their presence represents the initial marine incursions into the continental basin 

(probably from Tethys) before it became fully marine in the late Hettangian. 

Marine Sinemurian to Late Callovian 

The change to widespread carbonate deposition in the late Hettangian is interpreted as 

being due to a combination of high subsidence rates, inactivity of basin bounding 

faults and eustatic sea-level rise [Watkinson in press]. The Sinemurian-Callovian 

carbonate sequence has recently been interpreted as a westward dipping carbonate ramp 

[Watkinson, personal communication 1988; and in press], the shallow water carbonate 

facies of the Coimbra and Candeiros Formations to the east being replaced westwards 

by the fine-grained deeper water facies of the Brenha Formation (Fig. 5-3). 

The Coimbra Formation «100m, Hettangian-Early Sinemurian) shallow marine. 

peloidal-oolitic grains tones and packstones, interbedded with lagoonal and peritidal 

micrites and wackestones, are interpreted as an oolitic peloidal ramp fringing complex 

[Watkinson in press). Initially basin-wide in extent, the Coimbra Formation is 

diachronously replaced westwards by deeper water Brenha Formation facies, in 

response to eustatic sea-level rise (Fig. 5-2). 

The Brenha Formation (200-800m, Middle Sinemurian-Upper Callovian) shales, fine

grained periplatform limestones and bituminous shales [Wright & Wilson 1984]. 

correspond to the outer and deep ramp facies of Read [1985]. These sediments are the 

deep-water time equivalents of both the Coimbra and Candeiros Formations that 

characterize the shallow-water facies east of the basin [Wright & Wilson 1984; 

Watkinson in press] (Fig. 5-3). The resedimented grains tones of the Peniche sequence 

occur as a localised development within these facies, on the western margin of the 

basin (Fig. 5-2). 
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Figure 5-3 

Early and Middle Jurassic lithofacies distribution of the 
Lusitanian Basin. Note particularly the Toarcian situation of 
3b. The offshore swell on 3c is considered to be due to salt 
diapirism (diagram courtesy of M Watkinson). 
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The Candeiros Formation (200-500m, Aalenian-Upper Callovian) is interpreted as an 

ooid-pellet barrier complex [c.r. Read 1985] which is cut by tidal channels [Watkinson 

in press]. The Candeiros progrades westwards during the Bajocian- Callovian (a period 

of long-term net sea-level fall), a thick, stacked sequence of alternating grainstones and 

lagoonal peritidal limestones indicate aggradation during the late Bathonian-Callovian 

episode of sea-level rise (Fig. 5-2) 

5.1.4 Jurassic Basin Configuration 

The Lower and Middle Jurassic facies of the Lusitanian Basin show a simple, scoop

like isopach pattern that progressively thickens towards the NNW, to an axial zone that 

coincides with the present day Portuguese coastline [Watkinson in press) (Fig. 5-1, A). 

This pattern is characteristic of basin subsidence along normal faults during early 

extensional phases [Jackson & McKenzie 1983; Leeder & Gawthorpe 1987). The 

isopach pattern and observed carbonate facies are explained by the carbonate ramp 

forming on a gently dipping, westward-tilted hangingwall block of an actively 

extending half -graben basin [Watkinson in press] (Fig. 5-4). This displacement occurred 

along an eastward-dipping boundary fault on the western edge of the basin, which 

formed the fault-scarp of the Berlenga-FarilhOes horst platform. This model is directly 

analogous to the half-graben model of Gawthorpe [1986a] and Leeder & Gawthorpe 

[1987] (Fig. 5-4). In this case, the shallow water Coimbra and Candeiros formations on 

the east of the basin characterize the proximal hanging wall ramp, giving way westwards 

offshore to the fine-grained deep-water Brenha formation. The ramp facies deepen to 

a point of maximum subsidence near the footwall scarp (Fig. 5-3), this zone 

corresponding to the present day coastline. 

The Berlenga-Farilhoes islands, formed from uplifted basement horsts lie 12km w.est

northwest of Peniche, and, are thought to form the footwall region of the half -graben 

system. Their eastern margin may have been bounded by an eastward- dipping listric 

fault, although there is no direct evidence for its existence [Watkinson, personal 

communication]. Episodic footwall uplift along this master fault, could account for the 

observed influx of siliciclastics into the western edge of the basin during the 

Sinemurian, Toarcian and throughout the Lower and Middle Jurassic [Watkinson in 

press]. It is this footwall block that formed the source platform for the sediments of 

the Peniche sequence. 
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Figure 5-4 

Geometric model for the structural configuration of the 
Lusitanian Basin (not to scale). Triassic to Hettangian 
(continental clastics) is shown in white, Sinemurian to 
Callovian (marine carbonates) is shown in stipple. During 
the latter phase. antithetic faults (A) were considered to be 
relatively inactive. 
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5.2 Sedimentology of the Peniche Sequence 

5.2.1 Introduction to the Peniche sequence 

The sedimentology of the Peniche sequence has been described by Wright & Wilson 

[1982 and 1984], whose work forms the basis of this chapter. Their data was used to 

re-evaluate the sequence, both sedimentologically and statistically, for the ordered 

bedding style and facies patterns expected of submarine fan sequences. The sequence 

was sub-divided into seven sedimentologically distinct units by these authors (Fig.-+5-

5) which are discussed later in Section 5.3, of which units 3 to 7 comprise resedimented 

carbonate sands. 

The Peniche turbidite system forms a classic coarsening and thickening-upward 

megasequence, indicative of long-term progradation (Fig. 5-5). The superposition of 

channelised facies (units 6 and 7) over non-channelised facies (units 3-5) and the 

aforementioned megasequence trend are seen in classic fan progradation models [e.g. 

Walker 1978; Shanmugam & Moiola 1988] (Fig. 1-3). The Peniche profile shows more 

similarities with the active margin progradational fan model of Shanmugam & Moiola 

[1988] than with the classic Walker [1978] model (see Fig. 1-3), the former being 

developed specifically for sand-rich turbidite systems. 

The Peniche sequence classifies as sand-rich after Mutti [1979], these systems being 

poorly efficient at transporting turbidites over long distances within the fan system. 

Coarse sand and gravel grade turbidites are denser and less mobile than those 

transporting finer grained or mixed sediment sizes [Busby-Spera 1985], sedimentation 

tending to be deposited nearer source than on mud-rich fans. Taken as a complete 

unit, the Peniche sequence displays many features in common with sand-rich 

siliciclastic fans. In the classification scheme of Shanmugam & Moiola [1988], sand

rich fans are features of active continental margins (Pacific type - i.e. the transform 

controlled Navy Fan) and immature passive continental margins (North Sea type - i.e. 

the Balder Fan), which fits in with the Jurassic tectonic setting of the Lusitanian Basin. 

Other major-scale features governing the development of sand-rich fans (summarised 

by Shanmugam & Moiola [1988]) also apply to the Peniche sequence: 
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Figure S-S 

Summary log of the general profile through the Peniche 
sequence sandbody [modified after Wright & Wilson 19841. 
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1) Characteristic of sand-rich fans on divergent margins, the Peniche sequence 

developed during the early evolutionary stages of a basin floored by continental crust 

(Fig. 5-2). 

2) Sand-rich fan source areas are characteristically restricted, often being narrow 

coastal plains and shelves that provide a proximal sediment source. Likewise, the 

source platform for the Peniche sequence was areally restricted, by virtue of its 

tectonic control. The source platform formed on the isolated footwall block of 

Hercynian basement that formed the western edge of the Lusitanian Basin and fronted 

the" Atlantic" to the east. This linear horst trend was also sub-divided by transform 

faults that divided the basin into a series of sub-basins [Dommergues & Mouterde 1987; 

Wilson et al. in press], placing further constraints on the extent of the source area. 

3) Sand-rich fans are typically small in extent (tens of km!) when compared to their 

mud-rich counterparts (typically hundreds of km!) [Shanmugam & Moiola 1988]. The 

Peniche sequence appears to be an extremely restricted and localised feature, outcrops 

limited to the present day Peniche peninsular. Reports from two offshore wells, well 

17C-l to the NE of Peniche and well 20B-l to the SW, are located along approximate 

palaeostrike, but do not penetrate resedimented facies [Wright & Wilson 1984] (Fig. 5-

1, A). No turbidites are documented from coeval outcrops 12km SE of Peniche at 

Serra d'El Rei [Hallam 1971]. The Peniche sequence is therefore demonstrably not 

laterally extensive along palaeostrike, resedimented facies being constrained to a NNW

SSE sector (Fig. 5-1, A). Gross facies distribution does not therefore favour an apron 

interpretation, due to the restriction of resedimented facies along strike. 

4) Channelised facies dominate sand-rich fans [Mutti 1977; Walker 1978; Link & 

Welton 1982; Busby-Spera 1985; Shanmugam & Moiola 1985 and 1988] and at their 

extreme development, very sand-rich fans consist entirely of braided channel deposits 

[Link & Nilsen 1980]. The Peniche sequence is volumetrically dominated by 

channelised facies (units 6 and 7 - Fig. 5-5) which form 75% of the succession. 

5) Fan fringe and basin plain facies are sparsely developed on sand-rich fans 

[Walker 1978; Link & Welton 1982; Busby-Spera 1985]. Only a basal tenth of the 

Peniche sequence (unit 3) (Fig. 5-5) displays low turbidite to mudstone ratios typical of 

lobe-fringe deposits. Typical basin plain and fan fringe deposits are not developed. 
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The Peniche sequence shows many of the gross features associated with sand-rich 

submarine fans. Fan sequences are characterized by small scale cyclicity, thickening

upward cycles on lobes, and thinning-upward cycles in channel areas (eg. Mutti & 

Ricci-Lucchi 1975 & 1978; Walker 1978). Distinction of this form of cyclicity appears 

to be a major criterion for the recognition of ancient submarine fan sequences. From 

their logged sections, Wright & Wilson [1984] recognize one thickening-upward cycle 

developed within unit 4 (Fig. 5-8, A) and consider the rest of the logged sequence (Fig. 

5-7 to 5-8) to show no other depositional trends. On this evidence, the submarine fan 

hypothesis may be severely questioned, and reexamined, since the recognition of cyclic 

trends is generally held to be fundamental to a fan interpretation (see Section 1.4.1). 
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5.2.2 Statistical Analysis of the Peniche Sequence 

Introduction 

Two methods were used to test the Peniche sequence for the development of possible 

fan-type thickening-upward and thinning-upward cycles. Graphic bed- thickness plots 

were constructed after Hiscott [1981} and the Runs Test was applied to test the 

statistical validity of the cycles obtained by the graphic methods (see section 4.3.2.3). 

These tests were applied to units from which detailed logs were available, units 3 to 5 

inclusive, cliff exposures of units 6 and 7 preventing the construction of the necessary 

detailed log profiles. 

Graphic bed-thickness plots 

Mid-layer graphic plots are shown in sequence B on Figs. 5-7 to 5-9, while layer

number graphic plots (considered the least biased by Hiscott [1981]) are shown in 

sequence C on the same Figures (see section 4.3.2.3). Several thickening-upward and 

thinning-upward cycles are recognized within each unit by this process, and are shown 

on the aforementioned Figures. Once cycles are recognized from graphic plots, the 

next question to be answered is whether these cycles are sporadic, i.e. the chance 

product of random turbidite events, or whether the cycles are statistically valid, and 

fail a test for randomness. This latter step is an important one, missed by almost all 

turbidite workers who have used cyclic trends to interpret their sequences (see section 

4.3.2.3). 

Importantly, many 'cycles' produced in the graphic plots are not statistically validated 

by the Runs Test; those that are validated are shown in column A on Figs. 5-7 to.5-9. 

In all unit cases, the number of these cycles is less than those produced by graphic 

methods. A comparison of methods indicates that the graphic plots over-enhance the 

importance of occasional thick beds within the sequence, and tend to favour the visual 

perception of thickening-upward cycles while masking cyclic trends within thin

bedded turbidite runs. 

Runs Test 

The nonparametric statistical Runs Test, as explained in section 4.3.2.3, was employed 

on individual units and combinations of consecutive units of the Peniche sequence. 
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The same calculation methods were used as for the Vajont Limestone calculations in 

section 4.3.2.3, and a difference in adjacent turbidite thickness of 2cm was considered 

insignificant where necessary. The presence of mudstone interbeds between turbidites 

facilitated field recognition of individual turbidite events. The test was applied to 

units 3 to 5, and unit 5 was on the borderline of test requirements. Unit 1 contained 

too few turbidites to satisfy test requirements and the aforementioned outcrop 

difficulties prevented testing of units 6 and 7. 

Results 

The calculated figures and resulting Z-statistics obtained for units 3 to 5 are shown 

below in Table SA. The results indicate that the turbidite sequences of the Peniche 

member rejects the Runs Test hypothesis and therefore from a statistical point of view, 

the sequence is probably not random. The one exception is unit 5 (Fig. 5-9), which is 

faulted at the base and has a low number of beds, n2 being on the borderline of test 

requirements. 

Unit nl 02 U Uu au Z Accept/ Random 

No. Reject 

3 31 27 21 29.862 3.756 -2.359 Reject X 

4 27 22 16 25.245 3.427 -2.69 Reject X 

5 15 9 11 12.250 2.239 -0.055 Accept ..; 
3,4 58 49 37 54.l22 5.110 -3.350 Reject X 

4,5 42 31 26 36.671 4.145 -2.574 Reject X 

3,4,5 73 58 47 65.641 5.625 -3.315 Reject X 

(N.B. Unit 1 contained too few beds to satisfy test requirements.) 

Table SA. Results of the Runs Test for units of the Peniche member of the Brenha 

Formation 

The Z-statistic for unit 5 is such that the hypothesis cannot be rejected~ there are more 

runs than expected in the R2 sequence, therefore, the sequence is probably random. 

This result may be due to the partial exposure of unit 5, the other logged units are 
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complete unit sections. A test carried out on a combination of units 4 and 5 as well as 

3, 4 and 5, indicates that these unit sequence combinations are non-random. 

Conclusions 

Under the terms of the Runs Test, the logged sections of the Peniche sequence cannot 

be considered to have formed by purely random turbidite events. Each unit tested 

contains statistically valid thickening and thinning-upward cycles, developed within a 

non-random sequence. These test results contradict Wright & Wilson [1984] who 

interpret these units as being non-cyclic (barring the recognition of a thickening

upward cycle in unit 4). Preferential cyclic sedimentation therefore exists in Peniche 

sequence units 3 to 5. 
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5.3 Sedimentology of Units 1 to 7 

The seven units of the Peniche sequence as defined by Wright & Wilson [1984] are 

described and re-assessed unit by unit in this section, in the light of the statistical 

analysis and more recent publications. Field descriptions of the facies are obtained 

from Wright & Wilson [1982 and 1984]. 

5.3.1 Unit 1 

Basal unit 1 (32m thick) consists predominantly of green calcareous silty radiolarian 

mudstones, argillaceous mudstones and minor bituminous shales, influxed by twelve 

thin siliciclastic turbidites (Fig. 5-6). Dated as basal Toarcian, the unit is exposed in 

the bay west of Ponta do Travao, lkm north of Peniche (Fig. 5-1.B and Plate 5-1. A). 

Unit 1 displays a high shale to sandstone ratio with only 8.8% of the unit being 

resedimented. The mudstones contain quartz silt and fine sand, along with 

disseminated pyrite, the calcareous mudstones being rich in mica (both muscovite and 

biotite). Localised pyrite-rich beds a few centimetres thick are a feature of this unit. 

The mudstones are fossiliferous, containing pyritized and compressed ammonites, 

belemnites. carbonized wood fragments, Posidonia/Bositra 'pelagic' bivalves, along with 

rarer pectinid brachiopods, nests of rhynchonellid brachiopods, and echinoderm spines. 

Trace fossils are predominantly Zoophycos, with less abundant Chondrites. Narrow 

tubular burrows, 1-3mm in diameter, are commonly replaced by pyrite. 

The twelve siliciclastic turbidites of unit 1 aTe concentrated in the lower third of the 

unit, which contains 7 of the turbidites (Fig. 5-6). The last two turbidites however, 

contain ooids and peloids. The turbidites are characteristically thin «20cm) and _ 

lenticular, pinching out over 2-4m, and are distribution graded from very coarse sand 

to granule sized (lOOO-2S00#"m) sediment. Groove and flute casts indicate 

transportation from the WNW. while turbidite tops are typically planar. sharp and 

burrowed. 

Compositionally the sandstones classify as subarkosic arenites, containing more than 

10% feldspar as orthoclase, microcline and albite along with dominant quartz (70%). 

The quartz grains are angular and are of plutonic and high-grade metamorphic origin. 

Epidote, biotite, muscovite and chlorite occur in minor percentages, the micas tending 

to concentrate in the mudstones, or finer sand fractions. Pyrite replacement is also 
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Figure 5-6 

Graphic log of unit 1 of the Peniche sequence. (From Wright & 
Wilson [1982]) 
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seen within these sediments (Plate 5-1, D). 

Discussion and Interpretation 

Unit I represents a mudstone dominated, low energy environment, periodically influxed 

by coarse-grained siliciclastic turbidites. Intense bioturbation indicates the presence of 

an active ichnofauna, while the absence of calcareous benthos indicates a poorly 

oxygenated dysaerobic environment [Byers 1977; Wright & Wilson 1984]. Fluctuations 

in oxygen levels are indicated by pyrite horizons reflecting periodic development of 

reducing conditions, laminated mudstones and bituminous shales indicating periodic 

anoxia [Wright & Wilson 1984]. Although characteristic of "deep-water", such anoxic 

and dysaerobic horizons can prevail at depths of around 200m [Byers 1977; Yurewicz 

1977] and therefore do not automatically indicate a deep basinal setting. 

The turbidites of unit I are siliciclastic and are precursors to the succeeding carbonate 

turbidites of units 3-7. The sandstone beds (Fig. 5-6) are individual turbidite events, 

which are thin, but coarse-grained. Low turbidite to mudstone ratios are criteria for 

the distinction of distal fan turbidites [Walker 1978], which are characteristically sheet

like and fine-grained, partial Bouma sequence, base- cut out turbidites [e.g. Mutti & 

Ricci-Lucchi 1975; Walker 1978; Pickering et al. 1986]. These turbidites are coarse

grained, Ta-type turbidites representing deposition by high-density flows [e.g. Lowe 

1982]. This unit also contains the only debris flow recorded from the sequence, which 

is mud-supported in nature. Wright & Wilson [1984] interpret the turbidites as being 

fan interchannel overbank, crevasse splay deposits (which they compare to Mutti 

[1977]) or high-density lags from bypassed flows. The former interpretation seems 

unsuitable, since channel- related overbank deposits consist of alternating beds of 

mudstone and extensively laminated, fine-grained sandstone [e.g. Walker 1984; Mutti & 

Normark 1987]. The unit is underlain by Brenha Formation fine-grained limestones 

and shales [Mouterde 1955] and overlain by mudstones and fine-grained limestones of 

unit 2 [Wright & Wilson 1984]. There is no evidence for Toarcian turbidites elsewhere 

in the Lusitanian Basin at this time [Wilkinson. personal communication] and it is 

therefore difficult to envisage unit 1 as being a small fraction of preserved overbank 

deposits from a much larger contemporary turbidite system. 

The coarse-grained lenticular turbidites. may represent sand and gravel shoe- string 

shallow gulley fills on a bypass slope [e.g. Read 1985]. This would explain the high 

mud to sandstone ratio, combined with both the coarseness and angularity of the 
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sediment and the lenticularity of the turbidites. In either case, uplift and erosion of 

the source platform in the early Toarcian is indicated by the presence of these 

siliciclastic turbidites within the basinal succession. 

5.3.2 Unit 2 

Unit 2 is a 32m thick succession of argillaceous wackestones and green silty mudstones, 

exposed on the western side of the bay that exposes unit I. and westwards to Baixa do 

Outeiro (Fig. 5-1, B and Plate 5-1, B). The mudstones resemble those of unit I, 

however pyrite is much rarer and bituminous shales are absent. The fine-grained 

limestones lack shallow water carbonate allochems, and contain quartz silt and very fine 

sand, along with Posidonia, radiolaria and sponge spicules. Belemnites, unpyritized 

ammonite casts and Chondrites are present. A single thin oolitic-peloidal grainstone 

turbidite (15cm thick) occurs near the top of unit 2. 

Discussion and Interpretation 

Alternating silty mudstones and fine-grained limestone sequences such as those of unit 

2 are often termed rhythmites [e.g. Warme 1988]. As in unit I, the absence of 

calcareous benthos but the presence of invertebrate burrows suggests dysaerobic bottom 

conditions. The fine-grained limestones show no evidence for being very fine-grained 

"distal" Tde type turbidites, and were interpreted to be peri-platform derived fines by 

Wright & Wilson [1984]. They correspond to turbidite facies G of Mutti & Ricci

Lucchi [1975]. Similar carbonate facies have been described from the ancient record 

and have been interpreted as peri-platform ooze type sediments, for example Mcllreath 

& James [1978]; Mullins & Cook [1983]; Cook [1983]; Mullins & Cook [1986]. Peri

platform ooze [Schlager & James 1978] is an important facies type of modern Bahamian 

slopes and basins [Mullins 1983b; Mullins et al. 1984; Hine & Mullins 1983]. These 

fine-grained sediments are platform derived and therefore indicate the establishment of 

a carbonate platform in the vicinity of the Peniche area during the Toarcian. By 

analogy with modern Bahamian platforms, the off-bank transport of fines may have 

occurred in response to storms [Hine 1983; Hine et al. 1981], which stir the fines into 

suspension and transports them offshore, where they are deposited on slopes and basin 

floors. The offbank transport of carbonate mud is favoured along platform margins 

flooded to depths above which effective sand transport is curtailed (generally> 10m, 

[Hine 1983b]). Peri-platform ooze dominated slopes and basins are also found along 

Bahamian windward margins, since sands are transported on-bank along these margins 

[Mullins et al. 1984]. 
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Plate 5-1 

A) Field outcrop of unit 1 mudstones, Ponta de Travao. 
(Hammer for scale). 

B) Cliff exposure of unit 2, west of Ponta de Travao. 
(Vertical cliff is 20m high. Small figures just visible at cliff 
base.) 

C) Thickening-upward cycle developed in the lobe sequence 
of unit 3, Baixa de Outeiro. (Hammer for scale). 

D) Stained thin section microphotograph of a siliciclastic 
turbidite of unit 1. Note angular nature of the quartz grains, 
and lath-shaped biotite and muscovite micas. Black regions 
represent pyrite replacement. Blue regions are ferroan 
calcite cement. (Field of view - lmm). 

E) Cliff exposure of the unit 3 outer fan lobe association, 
showing prominent, thin sheet-like turbidites interbedded 
with silty mudstones. Baixa do Outeiro. Outcrop is 
approximately 1 Sm thick. 
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Rather than being a deep basinal facies as suggested by Wright & Wilson [1984], unit 2 

may represent the upper slope facies. Upper slopes in siliciclastic and carbonate 

turbidite regimes are chiefly areas of deposition of fine-grained mud and silts grade 

sediment [e.g. Nelson & Nilsen 1984; Mullins et al. 1984; Stow et al. 

1985a; Mullins & Cook 1986}. However, a slope interpretation would necessitate major 

downfaulting prior to deposition of unit 3. 

Toarcian rhythmites have been described from the High Atlas Rift, where facies 

development has been related to eustatic sea-level rise [Warme 1988]. Development of 

unit 2 also appears to relate to an episode of Toarcian eustatic sea-level rise (section 

5.4.3), the nature of the facies suggesting "deeper" (>10m) water levels may have 

prevailed over the establishing source platform to the west, during the deposition of 

unit 2. Unit 2 may therefore be considered as a highstand slope- drape unit. 

5.3.3 Unit 3 

Unit 3 is 30m thick and consists of sixty siliciclastic-rich (Quartz and feldspar) 

peloidal-oolitic grainstone turbidites, each interbedded with mudstone (Fig. 5-7, A and 

B). Unit 3 outcrops in the eastern half of Baixa do Outeiro, O.5km west of Ponta do 

Travao (Fig. 5-1, A and Plate 5-1, E) The base of unit 3 is taken as the first influx of 

carbonate turbidites, the top of the unit marked by 6m of mudstone that terminates the 

unit 3 association. 

Turbidites comprise 26% of the unit 3 succession, they are sheet-like and are separated 

from each other by relatively thick mudstones units (Plate 5-1, E). The mudstones are 

similar to those of units 1 and 2, lacking calcareous benthos. The turbidites average 

17cm in thickness, ranging between 2 to 80cm, and are distribution graded from 

medium to medium-fine sand grade sediment (500-250Io'm) to fine sand grade (250-

12Sl'm) in the lower third of the unit; but become slightly coarser based throughout the 

remainder of the unit. Turbidite bases are planar and may have grooves, or rarely 

flute casts which indicate transport from the WNW. The top of the turbidites are 

distinctly sharp and planar, and are burrowed to depths of around 8cm. There is a 

marked relationsh~p between turbidite thickness and the abundance of associated trace 

fossils: thick turbidites (those> IScm) are associated with few trace fossils, while 

thinner beds exhibit diverse trace fossil assemblages, very thin turbidites «6cm) being 

intensely bioturbated throughout. As with many calciclastic turbidites, those of unit 3 
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Figure s-7, A 

Graphic log of the lower part of unit 3 (from Wright &. 
Wilson (1982]). 
Column A indicates statistically valid cycles. 
Column B is a mid-layer bed-thickness plot. 
Column C is a layer number bed-thickness plot. 
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Figure 5-7. B 

Continuation of the graphic log of unit 3. The large 
mudstone unit defines the extent of unit 3. 
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lack the internal sedimentary structures of the complete classic Bouma sequence, only 

one turbidite displaying planar lamination (Tb division of Bouma [1962]), the rest being 

simple Ta type, distribution-graded turbidites. 

Petrographically the turbidites are clean carbonate grainstones composed predominantly 

of peloids, which form 70% of the sediment fraction. Ooids form 20% of the sediment 

with approximately equal percentages of radial and superficial ooids (the latter being 

those with <3 laminae [Simone 1981]). There is a markedly low percentage of quartz 

and feldspar, which together form <2% of the sediment fraction. 

Discussion and Interpretation 

The low percentage of turbidites within unit 3 (26%) and the sheet-like geometry and 

relative thinness of the turbidites would traditionally indicate a lower (outer) fan 

depositional environment [e.g. Mutti & Ricci-Lucchi 1975; Walker 1978]. Wright & 

Wilson [1984] interpret the sequence as outer fan or basin plain, due to the absence of 

depositional trends in bed thickness characteristic of these settings [Mutti & Ricci

Lucchi 1975]. Contrary to the aforementioned work, unit 3 does display statistically 

valid cyclicity (Section 5.2.2 and Figs. 5-7, A and B), invalidating the basin plain 

interpretation on these grounds. Also, the turbidites are too coarse-grained to be basin 

plain turbidites, which are deposited by dilute, waning currents that have already 

deposited the bulk of their load [e.g. Nelson & Nilsen 1984]. 

The presence of cycles indicates a general outer fan lobe interpretation [Mutti & Ricci

Lucchi 1975; Mutti 1977; Walker 1978], more specifically the sandy turbidites favour 

an outer depositional lobe - lobe fringe setting [Shanmugam & Moiola 1988]. The 

absence of fan fringe and basin plain turbidite sequences is a common feature of -sand

rich fans [Link & Welton 1982; Link & Nilsen 1980; Busby-Spera 1985; Larue 1985]. 

Unit 3 is composed of five thickening-upward and five thinning-upward statistically 

valid cycles (Fig. 5-7, A and B), the unit as a whole being a non- random sequence. 

The presence of both thickening and thinning-upward cycles together in a proposed 

lobe sequence may seem unusual, since the former are usually associated with fan lobe 

deposition and the latter with fan channel deposition [e.g. Mutti & Ricci-Lucchi 1975; 

Walker 1978]. In this case however, the thinning-upward cycles are not associated with 

channel deposition. More recently the importance of aggradation, along with 

progradation during lobe construction, has been realised by several workers, including 

298 



Ricci-Lucchi & Valmori [1980]; Hiscott [1981]; Larue [1985]; Spalletti et al. [1989]. 

Active margin settings, such as the western margin of the Lusitanian Basin, favour 

both aggradation and progradation during lobe construction, aggradation occurring on a 

bedform scale, while the whole lobe system forms as a result of progradation [Mutti & 

Normark 1987; Shanmugam & Moiola 1988]. 

Emphasis has been placed on minor cycles, involving less than ten beds, as being 

important in lobe construction, rather than the previously emphasised major 

thickening-upward cycles [Mutti & Normark 1987]. These minor cycles were termed 

compensation cycles by Mutti & Sonnino [1981] and are produced by the progressive 

smoothing of depositional relief during lobe up-building and aggradation. The cycles 

of unit 3 are interpreted to have been produced by lobe construction under different 

growth conditions. 

The thickening-upward cycles (Plate 5-1, C) indicate episodes of lobe progradation, 

while the thinning-upward cycles indicate lobe retrogradation or aggradation [Larue 

1985; Spalletti et ai. 1989]. Growth by aggradation is also indicated for sections of the 

unit which show a lack of well-defined sequence trends [Ricci- Lucchi & Valmori 

1980]. There are three instances in unit 3 where thickening- upward cycles are 

followed by thinning-upward cycles (Fig. 5-7, A and B). These trends are called 

minor abandonment successions by Larue [1985] and are conceivably produced by lobe 

progradation followed by retrogradation. In two out of the three instances, the fining

upward cycles are immediately overlain by a metre thick mudstone unit representing 

periodic abandonment (Fig. 5-7, A and B). This could result from autocyclic processes, 

such as lobe switching or the gradual filling and abandonment of an upslope channel; 

or to allocyclic processes such as rates of sea-level change or tectonism. 

The thick mudstone unit at the top of unit 3 indicates temporary abandonment and 

may have resulted from autocyclic mechanisms such as channel avulsion, causing lobe 

switching or abandonment [Walker 1978]. Such abandoned lobes have been documented 

from sand-rich active margin settings such as the Navy Fan [Normark & Piper 1972; 

Normark et ai. 1979]. Conversely, it may represent an allocyclic minor highstand drape 

[Pickering 1982] related to a minor highstand phase within a third order eustatic cycle 

(see Section 5.3.3). 
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5.3.4 Unit 4 

Unit 4 is only 17m thick and like unit 3, consists of alternating carbonate, siliciclastic 

sand-grade grainstone turbidites and mudstones (Fig. 5-8, A and B). The unit contains 

fifty-one turbidites and shows an increase in turbidite percentage from unit 3, to 57% 

(compared to 26% in unit 3). Unit 4 is exposed further west from unit 3 at Cerro de 

Clto (100m east of the headland) (Fig. 5-1, B). The base of the unit is taken as the first 

turbidite that lies above the 6m of mudstone that caps unit 3, the top being in fault

contact with unit 5 (Fig. 5-8, B). 

Importantly, the turbidites are coarser grained than those of unit 3, grading from very 

coarse to coarse sand grade sediment (500-1000J,&m) to medium or fine sand grade (500-

187J,&m). The turbidites average l7cm thick, ranging from 2-84 em, the thicker beds 

characteristically containing large quartz and feldspar granules and pebbles at their 

bases. The turbidites are peloidal-oolitic grainstones, and show a marked increase of 

angular quartz grains (13%) and feldspar (l0%) from unit 3. Peloids are the major 

sediment component (39%), with similar proportions of radial and superficial ooids 

accounting for 31% of the sediment fraction (Plate 5-11, B). 

Discussion and Interpretation 

The increased proximality of unit 4 is indicated by the increased turbidite percentage, 

increased average turbidite thickness, coarseness of grain size, and increased percentage 

of siliciclastic grains. The sheet-like nature of the turbidites, and the absence of 

channelised and amalgamated beds (combined with the aforementioned characteristics) 

indicate a more proximal lobe position than unit 3, corresponding to the intermediate 

lobe position of Mutti & Normark (1987). 

Unit 4 contains six statistically valid thickening and thinning-upward cycles (three of 

each) (Fig. 5-8, A and B), only one of which (the largest thickening-upward cycle) was 

recognized by Wright & Wilson [19841 and clearly represents a progradational episode 

of lobe construction (Plate 5-11, A). As in unit 3, the thinning-upward cycles do not 

appear to be associated with channeling and are interpreted as reflecting short-term 

lobe retrogradation (as in the discussion for unit 3) which occurred due to lobe 

migration or gradual abandonment. 
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Figure 5-8, A 

Graphic log of the lower part of unit 4 (from Wright" 
Wilson [1982J). Bed thickness plots shown are as for Figure 
5-7, A. 
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Figure S-8, B 

Continuation of the graphic log of unit 4. 
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Plate 5-11 

A) The major thickening-upward cycle developed within 
unit 4 (Fig. 5-8, A). 

B) Unstained thin section microphotograph of typical unit 4 
turbidite sediment. Note large feldspar grain (top left>, 
uncoated subangular-subrounded quartz grains, quartz grains 
forming ooid nuclei (centre left), radial ooid (R) and peloids 
(P). Note the uncompacted nature of the sediment, with few 
grain to grain contacts. (Field of view. 3mm; plain 
polarised light). 

C) Cliff outcrop of unit 5, eastern side of Cerro de Cao. 
Note stacked sheet-like turbidites and high turbidite to 
mudstone ratio. Height of cliff approximately 20m. 

D) Stained thin section microphotograph of quartz-rich 
sediment from a unit 5 turbidite. Note sub-angular quartz 
grains, long muscovite lath (centre-upper left), large radial 
ooid (centre right) and ferroan calcite cement. 
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5.3.5 Unit 5 

Only 30m of unit 5 is exposed in outcrop, the base of the unit being faulted against 

outcrops unit 4, the top not being exposed (Fig. 5-9). The unit is mainly exposed west 

of Cerro de C~o (Fig. 5-1,B), and is traceable around the headland from the top of 

unit 4. In general, unit 5 consists of regularly interbedded turbidites and mudstones 

(Plates 5-11, C and 5-111, B), although thick amalgamated packages showing small scale 

channeling are common (Plate 5-III, A and C). The turbidite percentage of unit 5 is 

87%. showing a marked increase from the 57% of unit 4. The turbidites average 20-

30cm in thickness, ranging from a few centimetres to 1m and grading from very coarse 

sand grade sediment with angular to sub-angular granules of quartz and feldspar, to 

medium sand grade sediment (Plate 5-U, D). There is a major increase in percentage 

quartz (23%) from unit 4, while feldspar content remains similar at 8%. The 

percentage of peloids shows a slight increase (42%), with similar proportions of 

superficial and radial ooids forming a marked decrease from unit 4 to 17%. For the 

first time, oversized peloids (4%) become important. Mudstone interbeds are thinner 

on average than those of unit 4, are intensely bioturbated (Plate 5-III, D) and also 

contain the trace fossil Skolithos. 

Discussion and Interpretation 

Once again, increased turbidite percentage, individual turbidite thickness, average 

grain-size and increased quartz content of unit 5 indicate progradation from unit 4. 

For the first time turbidite amalgamation is noted, although sheet-like, unamalgamated 

turbidites dominate the sequence (e.g. Plate 5-111, B). 

Wright & Wilson [1984] consider there to be an absence of cycles in unit 5; however 

four are observed (Fig. 5-9, column A), three of which are thickening-upward cycles. 

Amalgamation, combined with the predominance of thickening-upward cycles indicates 

a more proximal lobe position between the intermediate and proximal lobe types of 

Mutti & Normark [1987], and an increased importance of progradation over 

aggradation. 

The presence of broad shallow channelised surfaces (Plate 5-111, A and C) and 

amalgamated packages (at the base of unit 5) are evidence for approachment to the 

mid-fan channelised fan areas and are common features of proximal lobes (Mutti & 
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Figure 5-9 

Graphic log of part of unit 5 (from Wright & Wilson [1982]). 
Bed thickness plots shown are as for Figure 5-7. A. 
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Plate S-III 

A) Shallow channelisation developed within the proximal 
lobe sequence of unit S (arrowed). Exposure is I Sm high. 
West of Cerro de Cao. 

B) Unamalgamated sheet-like turbidite sequence within unit 
S. West of Cerro de Cao. (Hammer is 30cm long). 

C) Typical exposure of unit S, showeing amalgamated sheet
like turbidites and occasional shallow erosion surfaces 
(arrowed). Height of exposure approximately 10m. West of 
Cerro de Cao. 

D) Intensely bioturbated mudstones, between thin-bedded, 
coarse- grained peloidal-grainstone turbidites. (Hammer is 
30cm long). West of Cerro de Cao. 
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Nilsen 1981; Mutti & Normark 1987]. Such packages may be evidence for channels 

extending out over their depositional lobes and are described from other sand-rich fan 

systems [e.g. Walker 1980; Link & Welton 1982; Busby-Spera 1985]. 

The occurrence of the trace fossil Skolithos within a turbidite sequence may seem 

controversial, as it typically occurs in sub-littoral facies [Seilacher 1967]. However, its 

presence has been documented from ancient fan sequences by Crimes et al. [1981] and 

also from deep-water facies by Jordan [1981], while Mutti & Normark [1987] mention 

that shallow water trace fossils are locally common in fan channel sequences. 

5.3.6 Unit 6 

Unit 6 is 40m thick and characterized by thick bedded amalgamated turbidites, exposed 

along inaccessible steep cliffs north of Remedios (Fig. 5-1, B). The construction of log 

profiles was therefore impractical. 

Unit 6 consists of thick bedded, amalgamated turbidite packages (Plate 5-IV) up to 4m 

thick, between which are packages of thinner-bedded turbidites separated by silty 

interbeds. The sediments are typically very coarse sand grade (lOOO-2000J,Lm) to pebble 

grade along with conglomerates. The conglomerates contain cobble to pebble sized 

clasts of coral, quartz pebbles, and rounded lithoclasts of medium sand grade peloidal 

grainstone which are up to 20cm in diameter. Crinoid debris is an important 

component of this unit, with well graded coarse-grained crinoidal turbidites occurring 

near the base of the unit. Unit 6 sediments show very similar average percentages of 

subangular quartz (23%), peloids (41%) and total ooids (21%) to unit 5, however they 

are slightly poorer in feldspars (orthoclase and albite and microcline) at 4%. For the 

first time, radial ooids form the majority (65%) of the oolite fraction. As in unit_ 5, 

oversized peloids (3%) are a noticeable sediment component (Plate 5-IV, C). 

The amalgamated turbidite packages tend to fill broad shallow scours. Larger erosion 

surfaces also occur and are onlapped by amalgamated turbidites (Plate S-IV, D) 

described as "channel-fills" by Wright & Wilson [1984], which also show smaller-scale 

internal erosion surfaces (Plate 5-IV, A). No small scale Bouma sequence type 

sedimentary structures occur within unit 6 and in situ mega-fossils are absent. Intense 

pressure solution occurring as bedding-parallel dissolution seams (stylolites) are a 

feature of unit 6, making distinction of amalgamation surfaces difficult. 
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Plate 5-IV 

A) Minor internal channelisation and scours (arrowed) 
developed within a unit 6 amalgamated turbidite package. 
Exposure is Sm high. Cliff toP. Remdios. 

B) Turbidites successively onlapping an erosive surface 
within unit 6. Height of exposure is 5m. Cliff toP. 
Remdios. 

C) Stained thin section microphotograph of a unit 6 bimodal 
peloidal grainstone. Note predominance of peloids and the 
presence of over-sized peloids, partial silica replacement of a 
crinoid fragment (bottom left), the non-ferroan calcite 
cement, and relatively uncompacted nature of the sediment. 
(Field of view .. 3mm across). 
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Discussion and Interpretation 

The progradational trend of coarsening grain-size, thicker turbidites and greater 

frequency of amalgamation, occurs into unit 6. Percentages of sediment components 

remain similar to unit 5. For the first time, there is distinct evidence for the presence 

of small channels, in the form of the lenticular turbidite packages, indicative of a 

general mid-fan setting [Mutti & Ricci-Lucchi 1972; Nelson & Nilsen 1974; Walker 

1978] (Plate 5-IV, A, B and D). 

Much of unit 6 consists of superimposed, lenticular, channelised turbidites, which may 

be interpreted as a network of small, shallow, short-lived channel-fill deposits, rather 

. than being major long-term sediment feeder conduits. These channels conform to the 

depositional channels of Mutti & Normark [19871, characterized by thick-bedded, 

coarse-grained amalgamated facies. This type of channel-fill represents a depositional 

stage where the turbidity currents deposit much of their coarse sediment load directly 

within the channel system itself. Such superimposed small channel networks are 

indicative of a braided channel system, characteristic of small, sand-rich, active and 

immature passive margin fans [Normark 1974 and 1978; Normark et al. 1979; 

Shanmugam & Moiola 1988; Wueller & James 1989]. 

The most common form of channel-fill sequence in unit 6 consists of distinctive 

channel-forms, based by broad, shallow, major erosion surfaces, subsequently onlapped 

by small numbers of lenticular amalgamated turbidites (Wright & Wilson 19841 (Plate 

5-IV, B). In these sequences, major scouring erosional events therefore preceded 

subsequent channel-fill onlap, making these features cut and fill channels. The 

interpretation of these features may be more subtle than simple distributary mid-fan 

channels, being more akin to descriptions of channel-lobe transition zone deposits [e.g. 

Mutti & Normark 1987]. In a broad sense, this zone separates well defined channels or 

channel systems, from well defined lobes or lobe facies [Mutti 1985]. 

The sedimentary features of channel-lobe transition zones are primarily due to the 

hydrodynamic changes within turbidity currents as they undergo hydraulic jump 

[Komar 19731 when the flow transits channelised to unchannelised fan areas [Piper & 

Normark 1983). This transition from confined to unconfined flow gives rise to 

increased internal flow turbulence, enlargement (and therefore dilution) of the flow, 

and marked sea-floor erosion [Mutti & Normark 1987]. 
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Large scoured surfaces, which may be analogous to those flooring the unit 6 

channelised packets, are the most striking bedforms reported from modern channel

lobe transition zones [Piper & Normark 1983]. Large shallow scours have been 

documented from the Navy Fan, 20-400m wide [Normark et al. 1979], and from fan

delta slopes in British Columbia, where the scours are 2-3m deep and 10-60m wide 

[Piper & Bornhold 1980]. In the ancient record, these scoured surfaces may easily be 

interpreted or mistaken for channelised surfaces as suggested by Mutti [1977]; Normark 

et al. [1979] and Mutti & Normark [1987]. 

When sandy turbidites undergo hydraulic jump, flow dilution resulting from increased 

turbulence reduces flow competence, resulting in rapid deposition of coarse material 

and the formation of the large-scale scour features [Mutti & Normark 1987]. The 

channel-fill packages of unit 6, taking the form of shallow cut and fill features and the 

broad shallow channels filled with a limited number of coarse-grained beds (Plate 5-

IV, B), are highly analogous to descriptions of ancient channel-lobe transition deposits 

by Cazzola et al. [1981]; Mutti et al. [1985] and Mutti & Normark [1987]. 

The trough-like bedding observed within one amalgamated channel package (Plate 5-

IV, D) fits in with the channel-lobe transition zone interpretation of similar facies 

from the Hecho Group, characterized by coarse granule sandstones and granule 

conglomerates in lenticular and cross-stratified beds [Mutti 1985]. The small scale 

internal scours observed within the amalgamated turbidite packages (Plate 5-IV, A) are 

commonly observed both in channel-fill and channel-lobe transition deposits, being 

produced as the result of intense flow turbulence [Mutti & Normark 1987]. 

The thinner bedded turbidite and mudstone packages that may alternate with the 

channelised amalgamated packages are not a major feature of this unit. They are

interpreted as intra-channel or overbank facies [e.g. Mutti et al. 1981], such facies 

being characteristically limited in braided sand-rich systems [Busby-Spera 1985]. The 

general lack of fine grained sediment within the unit may be explained by a general 

lack of fines in the source area, and/or removal by extensive scouring within the 

braided channel complex. In the Cap Ferret Fan, coarse channel sediment packages are 

overlain by finer overbank sediments due to autocyclic channel migration. 

Alternatively, the abrupt deactivation of the shallow channels on this area of a 

submarine fan, could be indicative of minor relative sea-level effects upon sedimentary 

supply [e.g. Hess & Normark 1976]. 
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5.3.7 Unit 7 

Unit 7 is estimated to be 150-200m thick, and consists largely of amalgamated turbidite 

packages 5-20m thick (Plate 5-V, E). The unit is exposed westwards from unit 6, 

along inaccessible cliffs north of Remedios, westwards along the coast to Cabo 

Carvoeiro and along the south coast of the peninsular (Fig. 5-1, B). 

Unit 7 is composed of thick-bedded, amalgamated coarse to very coarse sand grade or 

pebble grade siliciclastic rich grainstones, which form the amalgamated packages. 

These packages are separated by thinly bedded packages with similar sedimentological 

characteristics. Both the thick and thin bedded packages may show internal erosion 

surfaces (Plate 5-V, B). Cobbles and boulders occur at the bases of some thicker beds 

within this unit, as do sub-rounded limestone rip-up clasts (Plate 5-V, C). A few 

massive limestones also occur, which may be several metres thick. 

The centre of unit 7 is marked by the development of a unit of very coarse sand grade 

sediment that is bipolar cross-stratified. The medium-scale planar cross- beds occur in 

sets 50cm thick, and show palaeocurrent directions to the north and south (Plate 5-V, 

D). This sub-unit is exposed on the southern side of the peninsular at Carreiro da 

Joana and is overlain by 70m of more typical unit 7 siliciclastic-rich, coarse sand grade 

carbonate turbidites. 

Discussion and Interpretation 

The trend for greater frequency of amalgamation, increased average grain-size and bed 

thickness continues into unit 7. This unit dominates the unit 3-7 succession, occupying 

approximately 70% of the fan, as a thick multi-storey sandbody (Plate 5- V, E). _ 

Channeling is broad and shallow and on a larger scale than in unit 6 (Plate 5-V, B) and 

the amalgamated turbidite packages are much thicker. Shallow channels a few metres 

to tens of metres deep, often poorly defined, with medium to thick-bedded turbidites 

such as these, characterize typical mid-fan deposits of sand-rich fans and are 

interpreted as braided channel fill deposits after Mutti [1977]; Ghibaudo [1980]; 

Beldersan et al. [1984]; Busby-Spera [1985]; Larue [1985] and Spalletti et al. [1989]. 

The unit 7 complex is interpreted as aggraded multiple broad braided channel complex 

(Plate 5-V, E), c.f. Cazzola et al. [1981]; Hein & Walker [1982] and Larue [1985], which 

acted to deposit large volumes of carbonate sand on the mid- fan. Multistorey channel 
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Plate S-V 

A) Stack formed in unit 7, looking WNW towards the 
Berlenga- Farilhoes Islands (12 Km away), Cabo Carveiro. 

B) Cliff face exposing unit 7 on southern section of Peniche 
peninsular, looking east towards Peniche. Note broad, 
shallow, erosional surfaces (arrowed) and amalgamated nature 
of the bedding. Cliff is 25m high. 

C) Normally graded, sub-rounded rip-up clasts at the base 
of a unit 7 turbidite. This division corresponds to the R3 
division, with clast stringers, which correspond to the S 1 
division of Lowe [1982]. (Lens cap ... Scm across). 

D) Bipolar cross-bedding from unit 7, south coast of the 
Peniche peninsular at Carriero de Joana. Sets are 50cm 
thick. Outcrop is approximately 25m in height. 

E) Cliff face, south-west of Remdios, exposing unit 7. 
Note the thick, amalgamated beds that characterise this unit. 
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complexes, such as these commonly occur in structurally controlled positions adjacent 

to wrench-related uplifts [Graham & Bachmann 1983]. 

Distributary mid-fan braided channels on the Navy Fan are also large in size and of 

low relief, being O.5km wide and 5-15m deep. Similar broad shallow channels are seen 

in unit 7 (Plate 5-V, B). As on other sand-rich fan systems, the braided mid-fan 

dominates the entire succession and is associated with very little fine- grained 

interchannel material [e.g. Busby-Spera 1985]. 

The occurrence of bipolar cross-bedded facies in the middle of unit 7 (Plate 5-V, D) is 

certainly an unusual feature of a sequence described as a submarine fan. Bidirectional 

currents are the most diagnostic features of tidally influenced sediments, usually 

limited to offshore shallow marine environments. Tidally influenced facies have been 

described from the Candeiros formation [Watkinson in press) indicating that the 

Lusitanian Basin was tidally influenced. Tidally influenced currents have also been 

recorded from modern submarine canyons [Shepard & Marshall 1978; Keller & Shepard 

1978; Shepard et al. 1979], gentle currents flowing up and down the canyons with the 

ebb and flow of the tidal cycle. Strong tidal currents have also been documented 

flowing through deep passes in the Great Barrier Reef, and deep canyons can amplify 

tidal currents [Hine 1983a]. Stow [l985a] records canyon currents with tidal periodicity 

at depths of over 4000m, the currents tend to show a higher frequency of flow reversal 

in the head region of the canyon. However to the authors knowledge, no such ancient 

equivalent facies have previously been described, bar the suggestion by Wright and 

Wilson [1984] for these facies of unit 7. 

These facies represent a dominance of tidal processes over those of resedimentation and 

a reworking of the resedimented sands. They may also reflect a lull in 

resedimentation, or a switching of turbidity currents, allowing sediment reworking. An 

increased tidal flow velocity may have been caused by increased tidal range, or 

increased windspeed or storms [Nelson & Nilsen 1984]. Reworking of turbidite sands 

by strong currents (not tides) creates sediment drifts off the leeward margins of Little 

and Great Bahama Bank (see Section 2.4.3). This bidirectional cross- stratified sub

unit of unit 7 may therefore represent a tidally driven ancient sediment drift, or may 

indicate a proximity to the head region of the main feeder canyon. 
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5.3.8 Summary 

Unit I siliciclastic turbidites reflect an episode of uplift and erosion of the source 

horsts in the early Toarcian and the initial establishment of a carbonate platform 

(towards the top of the unit) while unit 2 records an episode of slope-drape and 

cessation of turbidite resedimentation (see Section 5.3.3). Units 3 to 7 record the 

progradation of a carbonate sand-rich type fan. Units 3 to 5 represent deposition on 

fan lobes, unit 6 in a channel-lobe transition zone and unit 7 as multi-storey braided 

channel complexes. The progradation is accompanied up-section by increased 

carbonate sand percentages, increased average grain-size, increasing amalgamation and 

percentage quartz. The simply graded or massive nature of the turbidites, with the 

poor development of internal sedimentary structures indicates deposition by dense, 

highly turbulent gravity flows (eg. Love 1982; Middleton & Neal 1989). 

The unit 3-7 sequence conforms well to the general siliciclastic sand-rich fan model 

with attached lobes, displaying limited lobe fringe, stacked interfingering lobes and 

braided channels lacking overbank facies. Contrary to previous interpretations, the 

sequence displays fan-type cyclicity which indicates growth by aggradation as well as 

progradation. The sequence shows affinities with the suprafan (the convex-up 

depositional bulge) of modern sand-rich fans, which forms due to the rapid deposition 

of coarse sediment [Normark 1970, 1974, 1978]. Sandstone depositional lobes are 

formed on the smooth outer suprafan, braided channels characterising the more 

proximal or inner suprafan. 

The radial shape of some sand-rich fans for example the Navy Fan, cannot be 

demonstrated for the Peniche sequence. However the limited extent of the facies 

favours a small fan, which is likely to have been of similar size to the Navy Fan,

which is only 15km long [Norm ark & Hess 1980; Barnes & Normark 1985]. 

There is no direct evidence for a single major long-term point source canyon that fed 

the Peniche fan. Although fans sensu stricto have one major point source canyon 

(Section 1.4.1) [e.g. Walker 1978] like the Navy Fan for example, other modern sand

rich fans have more than one sediment source: the La 1011a Fan has three major supply 

canyons [Graham & Bachman 1983], while the Delgada Fan has numerous small feeder 

canyons [Normark & Hess 1980]. The position of canyons is often controlled by 

underlying basement trends [Graham & Bachman 1983]. Feeder canyons may be 

initiated along faults perpendicular to the margin [e.g. Stow 1985a and 1986; Watts 
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1987] that may serve as long-term canyons. The Peniche fan canyon may have been 

initiated along a transform fault that sub-divided the Lusitanian Basin. Wright & 

Wilson [1984] and Wright [personal communication] consider that the feeder canyon for 

the carbonate sands may have been inherited from the siliciclastic phase of unit 1. The 

author agrees with this, but suggests that the canyon was not derived from erosion by 

the sporadic turbidites of unit I, but from activation of a basin margin perpendicular 

transform fault at this time, which served to funnel both the siliciclastic and later the 

carbonate resedimented material to the fan. Rip-currents acting on the canyon head 

may have served to feed sediment from the shelf down to the fan [c.f. Watts 1987]. 
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Figure 5-10 

Proposed model for the depositional setting of the Peniche 
sequence fan. (modified after Watkinson in press) 
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5.4 Controls on Sandbody Architecture 

5.4.1 Palaeogeography 

The depositional setting of the Peniche sequence had the most westerly 

palaeogeographic situation of the three sandbodies, and was also the closest to any 

landmass. Eastwards of the Lusitanian Basin lay Iberia and then western Tethys, and 

to the west the extending" Atlantic Ocean" (Fig. 5-11). Although in close proximity to 

Iberia, this major landmass did not source the siliciclastic sediment component of the 

Peniche sequence, which was locally derived from basement horsts along the western 

edge of the basin. 

During the Toarcian-Aalenian, the region had an estimated latitude of 25-27$N (by 

extrapolating the maps of Dercourt et al. [1986]), which places it within the Mesozoic 

hurricane belt [Duke 1985]. Storm processes were influential during the deposition of 

the Brenha Formation: swaley-cross stratification, a variant of hummocky cross

stratification, thought to be formed by storm waves [Duke 1985] is found in outer ramp 

peloidal muds [Watkinson, in press]. The fine-grained peri- platform limestone 

components of the Brenha Formation were likely (by analogy with the modern 

Bahamas), to have been transported offshore from the ramp as storm-suspended fines 

[e.g. Boardman 1978; Hine 1983J. Storm rip-up breccias and grainstone cobbles are also 

reported from the Candeiros Formation [Watkinson, in press]. Storm processes were 

therefore likely to have been important mechanisms governing offbank sand transport 

in the formation of the Peniche sequence. 

Major winds for this time are considered to have been winter north-easterlies, with 

possible summer south-westerlies (and north-easterlies) affecting the region from..a low 

pressure cell to the west of the opening "Atlantic" [Tottman-Parrish & Curtis 1986]. 

With respect to the north-easterlies, the eastern edge of the Berlenga- Farilhoes source 

platform would have been a windward margin; however the resedimented facies do not 

resemble those developed off modern windward margins [e.g. Mullins et al. 1984]. 

which are carbonate mud-dominated and poor in resedimented sand. The sand-rich 

nature of the sequence shows closer affinities to leeward-margin resedimented facies 

[e.g. Hine et al. 1981] as it is dominated by carbonate sands. Extensive micritiz.ation of 

grains and the abundance of peloids are features of modern day leeward margin 

sediments {Hine et al. 1985] (see Section 2.3.3). The full effects of the north-easterlies 

blowing across Tethys may have been buffered somewhat by the Iberian landmass. The 
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isolated platform was undoubtedly affected from the west by "Atlantic" currents and 

winds, for which the eastern edge of the Berlenga-Farilhoes platform would act as a 

leeward margin. Unfortunately, no information is available on the nature of 

sedimentation off the 

western margin of the source platform [Wright, personal communication] that may 

elucidate on the direct effects of these" Atlantic" processes. 

S.4.2 Structural Control 

The structural control on basin configuration is demonstrated in Section 5.104. The 

shallow water carbonate sand shoals that fed the Peniche sequence, formed on the 

areally restricted footwall block of the half-graben system which was uplifted in the 

early Toarcian along NNE-SSW Hercynian strike-slip faults. Erosion of the footwall 

provided the siliciclastic sediment components and these, along with carbonate sands, 

were transported down the footwall scarp, which acted as a by- pass margin [e.g. 

McIlreath & James 1978] and accumulated in the basin axis roll- over as a footwall fan 

(Fig. 5-4). The architecture of footwall-sourced turbidite sandbodies is likely to be 

primarily controlled by tectonism [Leeder & Gawthorpe 1987], for example Surlyk 

[1978]; Stow [1985b]; Gawthorpe {l986a] and Eberli [1987]. 

Boulder conglomerates. talus and rock-fall deposits and megabreccias often associated 

with active footwall scarps (for example Surlyk [19781, Cook [1983], Pickering [1984], 

Eberli [1987 and 1988]) are absent from the resedimented facies. This indicates that 

back-cutting and catastrophic failure of the scarp in response to major fault movements 

was not occurring. Rather, the facies indicate a more passive type subsidence along the 

master fault, in a basin undergoing slow extension rates, as suggested by Wilson et al. 

[in press]. The relatively slow subsidence rates of the Lusitanian Basin when compared 

to that of the Celtic Sea Basin further north may reflect a shallower detachment depth 

of the basin- bounding faults, which would result in less subsidence for a given 

extension rate [Watkinson, in press; Wilson et al., in press). 

The stratigraphic occurrence of the fan coincides with a marked retrogradation of the 

shallow water ramp facies and the eastward extension of the deep-water Brenha 

Formation (Fig. 5-2) that has been shown by Watkinson [in press]. Hangingwall dip

slope ramps react instantly to tilting episodes, which cause marine transgression [Leeder 

& Gawthorpe 1987]. In this case, the observed transgression does not coincide with a 

eustatic sea-level rise but a fall. indicating that tilting episodes caused by subsidence 
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along the master fault induced the transgression. If tilting and extensional subsidence 

were occurring, footwall uplift may be hypothesised to have played a role in 

resedimented sandbody formation [c.r. Leeder & Gawthorpe 1987]. 

Footwall uplift may have influenced water depths over the platform, aiding it to keep 

within the realms of carbonate sand production during the extensional subsidence 

phase, as well as directly aiding active offbank sand-transport as a direct response to 

uplift [e.g. Gawthorpe 1986a; Leeder & Gawthorpe 1987; de Vries Klein 1984]. 

Footwall sourced turbidite systems are characterized by the development of stacked 

fining-upward megacycles, each megacycle representing the sediment prism 

accumulated after one tectonic event [see Surlyk 1978; Stow; Pickering; Eberli 1987 and 

1988]. In contrast, on a sandbody scale, the Peniche fan shows a thickening and 

coarsening-upward megacycle profile (Fig. 5-5), indicating long-term progradation. 

On a smaller scale, aggradation is an important process and the cyclicity observed in 

the sequence (Section 5.2.2) could be due to minor footwall uplift events that occurred 

in response to hangingwall subsidence. This would create a rapid shallowing over the 

source platform, followed by more gradual deepening due to regional subsidence, 

giving rise to asymmetric minor thickening and thinning-upward cycle trends 

respectively, which would explain those observed in the lobe sequence units 3-5. 

The westward-dipping hangingwall dip-slope served to somewhat confine the fan 

structurally to the basin axis roll-over area, limiting the extend of the system in the 

direction of progradation. This concentrated resedimentation within a narrow zone on 

the western basin margin (Section 5.1.4), stacking the fan against the footwall. It is 

possible that intrabasinal antithetic faults (Fig. 5-4) further constrained the facies in an 

easterly direction, while confinement in the N-S direction may have been due to -

intrabasinal transform faults [e.g. Dommergues & Mouterde 1987]. 

As mentioned in Section 5.1.4, there is no direct evidence for a major eastward

dipping master fault. It is conceivable that the horst boundary faults were reactivated 

again as strike-slip faults. or that the Peniche sequence margin itself was a transform 

fault that subdivided the basin. This situation would favour the observed 

progradational aspect of the sandbody, as well as accounting for unit 7, which mirrors 

the multistorey braided-channel complexes of the La Jolla Fan, which occurs next to 

wrench-related uplifts [Graham & Bachmann 1983}. In either case, periodic uplift of 
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the footwall block would be expected, and may have been an important control on 

resedimentation. 

5.4.3 Eustatic Control 

The stratigraphic occurrence of the Peniche fan within the deep-water Brenha 

Formation shales coincides markedly with an episode of long-term eustatic drawdown 

in sea-level, shown by the recent curves of Haq et al. [1987 & 1989] and Hallam [1988] 

(Fig. 5-2 & Appendix Fig. 5). Hence, there is a possible important relationship 

between eustatics and sedimentation in the control of the turbidite system. The 

development of units 1 to 7 spans a period of initial sea-level rise during the early 

Toarcian that was followed by long-term sea-level fall that continued well into the 

Aalenian. The commencement of carbonate resedimentation (units 3 to 7) appears to 

coincide with the commencement of long- term eustatic sea-level fall during the 

Toarcian, ceasing with the commencement of long-term eustatic sea-level rise in the 

Aalenian. 

The Toarcian-Aalenian spans four transgressionary-regressionary eustatic pulses which 

form the third order cycles 4.3 to 4.6 of supercycle UAB-4, the regression of cycle 4.6 

(uppermost Toarcian-Lower Aalenian) continuing into third order cycle 1.1 of 

supercycle LSA-l (Aalenian) [Haq et al. 1987 & 1989] (Appendix Fig. 5). The 

significance and importance of eustatic control on a 3rd order cycle level can only be 

suggested by the stratigraphic position of the units within the sequence, since 

sophisticated biostratigraphic control is unavailable. The following suggestions are, 

however, offered by the author. 

The development of basal units 1 and 2 is likely to have occurred during 3rd order 

cycle 4.3 (the lowermost Toarcian cycle). The position of the siliciclastic turbidites of 

unit 1 correlates with a transgression from an initial major lowstand in the early 

Toarcian [Haq et al. 1987 & 1989~ Hallam 1988] of cycle 4.3. Numerous references 

correlate siliciclastic turbidites with eustatic lowstands, for example Shanmugam & 

Moiola [1982, 1983, 1984]~ Shanmugam et al. [1985]~ Stow et al. [1983/1984]; Stow et al. 

[1985]. Unit 1 turbidites occur predominantly near the base of this unit and may 

correlate with the lowstand event, turbidite frequency reducing as the transgressive 

phase of 3rd order cycle 4.3 proceeds (see Appendix Fig. 5). The turbidite-free 

hemipelagic unit 2 may be interpreted as a highstand drape [e.g. Pickering 1982; Stow 

1985] of the ensuing major highstand phase of cycle 4.3. 
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Importantly, commencement of carbonate sand resedimentation (units 3 to 7) appears to 

correlate with the episode of long-term sea-level drawdown which commences at the 

end of 3rd order cycle 4.3 and continues through into the Aalenian cycle 1.1. On a 

smaller scale, the thick shale unit capping unit 3 may be considered as a highstand 

drape and it may correlate with the highstand phase of 3rd order cycle 4.4. 

Progradation of the fan through units 3 to 7 appears to be related to the long-term 

eustatic drawdown of sea-level during the Toarcian-Aalenian. Carbonate sand 

resedimentation appears to commence at the start of long-term sea-level fall and cease 

with the commencement of long-term sea-level rise. Eustatic drawdown obviously 

favoured fan progradation, and eustacy probably played an important role in inducing 

progradation. The presence of the fan indicates that eustatic fall worked against 

regional subsidence effects, aiding maintenance of a 4keep-up' platform [Kendall & 

Schlager 1981] and encouraging progradation. 

5.4.4 Summary 

The coincidence of a global long-term eustatic sea-level lowering episode with 

development of the Peniche sequence shows an overriding eustatic control on carbonate 

sand production and resedimentation. This mirrors the development of siliciclastic 

submarine fans, which show accentuated fan growth with sea-level lowering, in most 

tectonic settings [e.g. Shanmugam & Moiola 1988; Shanmugam et al. 1985]. 

However structural control was crucial, delineating the platform boundaries and 

controlling basin configuration and subsidence rates. Tectonic uplift of the SOurce 

platform horst created an isolated submarine platform that for much of the Toarcian

Aalenian remained shallow enough to produced carbonate sand shoals. Platform 'keep

up' was aided by eustatic sea-level fall, which helped to counteract regional subsidence. 

Periodic footwall uplift would act to counteract subsidence also directly inducing active 

resedimentation. This periodic uplift would be expected whether the platform margin 

was bounded by a normal listric fault [Leeder & Gawthorpe 1987] or a transform fault 

[de Vries Klein 1984). Both tectonic and eustatic controls therefore combined to 

favour progradation of the fan system. 

Active production and offbank transport of carbonate sands is indicated by the paucity 

of well-formed ooids in the predominantly peloidal grainstone turbidites which may 

321 



also indicate that the sediment formed in water depths that were too deep to favour 

oolite production [e.g. Hine et al. 1985; Lloyd et al. 1987]. The sand- rich nature of 

the fan and its progradational trend both favour a leeward-type margin setting, 

dominated by offbank sand transport. The influence of tidal processes was also 

undoubtedly an important feature of the platform margin. 
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5.5 Conclusions 

A prograding carbonate submarine fan of limited areal extent but of important 

stratigraphic thickness occurs within the Brenha Formation of the Lusitanian Basin and 

to the authors knowledge represents the only documented example of carbonate 

turbidite system that convincingly conforms to a siliciclastic sand-rich fan model. The 

original fan interpretation by Wright & Wilson [1984] is confirmed and strengthened by 

the occurrence of statistically valid, non-random turbidite sequences showing fan-type 

cyclic trends. 

The importance of a clear eustatic control on fan development is demonstrated, the fan 

correlating with an episode of long-term eustatic drawdown, showing a strong analogy 

with siliciclastic fan development. The tectonic control of the source platform and 

receiving basin served to limit both the source area and the extent of the fan, and a 

feeder canyon/canyons may have been initiated along a fault/faults perpendicular to 

the basin margin, which then served to funnel sediment to the fan. 

The facies developed are characteristic of modern and ancient siliciclastic sand- rich 

fans, with active sand deposition in the midfan (suprafan) region. In size, the fan was 

of similar extent to the modern sand-rich Navy Fan. The presence of the overall 

progradational trend may indicate that the source platform margin was a strike-slip, 

extensional margin, rather than a normal listric fault, forming further analogies with 

the Californian Borderland turbidite systems. This hypothesis is also strengthened by 

the similarity of the unit 7 multistorey braided channel complex to similar facies in the 

La Jolla Fan, which form adjacent to a wrench- related uplift [Graham & Bachmann 

1983). Strike-slip margin sourced fans in the Californian Borderland are all strongly 

influenced by sea-level changes [Normark & Hess 1980], while footwall fans are most 

strongly controlled by tectonics [e.g. Surlyk 1978; Leeder & Gawthorpe 1987]. In the 

absence of footwall fan fining- upward megacycles, an extensional strike-slip source 

margin interpretation is favoured. 

The occurrence of a thick, relatively uncompacted, carbonate grainstone sandbody, 

I volumetrically dominated by stacked multi-storey braided channel facies, is clearly of 

interest as a potential hydrocarbon reservoir [e.g. Shanmugam & Moiola 1988; Walker 

1978]. In this case, the grainstone package is likely to be stratigraphically encased 

within deep-water shale facies, which would act as a potential seal, and the fan 

complex overlies Toarcian mudstones, with a minor development of bituminous shales. 
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This fan situation would have the potential to develop 

extremely favourable reservoir characteristics in similar tectonic settings and it shows 

similarities with siliciclastic hydrocarbon bearing fans in that it correlates with an 

episode of sea-level drawdown. 
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CHAPTER 6 

DIAGENETIC ASPECTS 

The diagenesis and petrography of the sandbodies in question was investigated by 

means of standard petrographic techniques such as acetate peels, unstained, polished 

thin sections and thin section stained with standard alizarin red and potassium 

ferricynamide solutions (as described by Friedman [1959] also see Clarke et al [1984]). 

Useful petrographic techniques employed were ultra-violet fluorescence microscopy and 

cathodoluminescence. Diagenetic features of the sandbodies are shown on Plates 6-I -

6X at the back of this brief review. 

6.1 Fluorescence microscopy and cathodoluminescence 

Fluorescence microscopy proved to be of of the most useful petrographic techniques, in 

that it identified and clarified fabrics masked by later diagenetic events, that were 

totally un perceptible both by normal petrographic techniques and in under 

cathodoluminescence. Fluorescence is a form of luminescence that represents the 

property of a material to emit light when excited by visible or ultra-violet rays. The 

use of this technique in carbonate petrography was made known by Dravis and 

Yurewicz (1985) but still remains (at the time of writing) a little used technique in 

university geological circles, especially when compared to the widespread use of 

cathodoluminescence. This is a pity, since while fluorescence and cathodoluminescence 

are somewhat related, they do not necessarily yield comparable information. 

The author has found that rock types that respond poorly to cathodoluminescence 

respond excellently to ultra-violet fluorescence. Another point is that fluorescence 

microscopes are an essential piece of equipment in Botany and Zoology departments, 

and should, therefore, be readily available to geologists in most university departments. 

Furthermore, the fluorescence microscope is much easier and more rapid to use than 

the cathodoluminescence microscope since the fluorescence attachment fits onto a 

standard petrographic microscope with none of the constraints of the vacuum chamber 

of the cathodoluminescence unit. The techniques requires no special sample 

preparation since the thin sections or slabs do not require the necessary polishing 

demanded of cathodoluminescence. 
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The fluorescence properties of rocks are thought to stem from residual organic matter 

preserved in the grains (Dravis and Yurewicz 1985); hence grains are highly 

luminescent as are early cements, with late stage cements being much darker. Dravis 

and Yurewicz (1985) found that using a blue-light excitation filter yielded the best 

results; the author found out by experimentation that the ultra-violet exhitation filter 

yielded the best results for the rock types considered in this thesis. 

This technique proved especially useful in delineating grain boundaries and 

highlighting compaction features masked by other petrographic methods. The use of 

fluorescence microscopy as a petrographic tool can be best demonstrated by visual 

examples. Its use in differentiating grains from matrix is exemplified from the Cutrie 

Formation from Plate 6-1, by comparing examples D and E; its ability to distinguish 

neamorphic fabrics from cement is demonstrated by Plate 6-III, C and D; as well as 

from the Vajont Limestone with Plate 6-V, D and E. 

Cathodoluminescence was also used, but was generally found to be far less useful or in 

some cases (especially with the Vajont Limestone) almost completely useless (the entire 

rock). 

Cathodoluminescence is defined as the property of a material to emit light when 

excited by electrons (Myers 1974; 1978 Sommer 1982 a and b). The technique of 

cathodoluminescence has successfully been applied to carbonate studies by several 

authors including: Meyers (1974); (1978); Pierson (1981); Frank et al (1982); Wagner 

and Matthews (1982); Gawthorpe (1987) amd Major et al (1988). Pierson (1981) 

demonstrated how the cathodoluminescence properties of carbonates are attributable to 

different proportions of Mn2+ as the main luminescence activator, with small amounts 

as low as 100 ppm Mn2+ being present in highly luminescent samples. He showea how 

the intensity of luminescence is not proportional to the Mn2+ concentration, it is the 

role of iron as Fe2+, as an inhibitor of luminescence, that controls luminescence 

intensity. Iron begins to quench luminescence when its concentrations reach 10,000 

ppm above which level luminescence is rapidly lost, with total extenction in samples 

with more than 15,000 ppm Fe2+, regardless of the Mn2+ concentration. 

Cathodoluminescence effectively delineated zones within dolomite (Plate 6-VII. C and 

D), a slightly different effect revealing replaced ooid ghosts was obtained using ultra

violet fluorescence (Plate 6-VII, A and B). Early marine cement fringes in the 
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Posidonia coqinas of the Cutri Formation were clearly defined using this technique 

(Plate 6-111, B). 

6.2 Discussion on aspects of the diagenesis 

Compaction both in the Cutri Formation and the Vajont Limestone compaction was the 

single most important process of initial porosity reduction. The subject of compaction 

in limestones has been discussed by Coogan (1970); Chandra et al (1977); Conley (1977); 

Purser (1978); Buxton and Sibley (1981); Moore and Druckmann (1981) Meyers and Hill 

(1983); Bhattachryya and Friedman (1984), many of these references dealing 

specifically with compaction in oolitic sediments. Compaction experiments have been 

undertaken by Shinn and Robbin (1983); Bhattacharyya and Friedmann (1979) and 

(1984). 

Of these papers, that of Bhattacharyya and Friedman (1984) simulated pressure and 

temperature conditions consistent with several different burial depths, with samples 

saturated with marine (and distilled) water, using modern ooids as the sediment 

medium. There were no major discernable differences noted between compactional 

behaviour between the samples saturated with marine water and those saturated with 

distilled water. The types of compaction features developed within these 

experimentally compacted ooid types are all observed within the resedimented oolitic 

limestones of the Cutri Formation and the Vajont Limestone. There are three 

predominant modes of grain deformation noted within these tock types which are 

summarized as follows:-

(1) Plastic ooids deformation - this forms the concavo-convex and longitudinal 

grain contact forms of Bhattacharyya and Friedman (1984) (Figs. 6-1). 

(2) Brittle ooid deformation - this forms split and spalled ooids, buckled ooids, 

diagonal internal ooid fractures and crushed ooids. 

(3) Sutured seams - which are pressure dissolution ooid contacts. 

Types 1 and 2 form as the result of mechanical (physical) compaction, whereas type 3 

forms as the result of 'chemical' compaction. 
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Figure 6-1 

Diagram showing types of contact developed in 
experimentally compacted ooid sands from 
Bhattacharyya and Friedman (1984). 
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Compaction features of the Cutri Formation 

Plastic compaction deformation and pressure solution is the distinguishing feature of 

the Cutri Formation. Enhanced point contacts, concavo-convex contacts, longitudinal 

contacts and sutured seams are all observed as indicators of pre-cementation 

compaction. Brittle compaction features (such as broken grains) are virtually absent, 

these features only being present in the rarer grainstone occurrences of Amoixa. 

Sutured grain contacts are common and it is worthwhile to refer back to Plate 3-IV for 

this discussion. Plate 3-IV, A shows the typical development of microstylolitic contacts 

between wackestone clasts and the oolitic packstone matrix; Plate 3-IV, B shows the 

effect of compaction on a strongly bimodal seidment, where by the large peloids act as 

bridges during compaction, developing sutured contacts and sheltering smaller oolitic 

grains. Sutured contacts are in 3-IV, C and especially well in D, which has a high 

packing density (term and calculation after (Coogan 1970» of 87%. 

A close up of a sutured seam contact is provided on Plate 6-11, E. The importance of 

plastic compaction deformation and pressure solution is demonstrated by Plate 6- I A 

and B, which show increased packing densities from the sample of Plate 3-IV, C. Plate 

6-1, A shows a packstone with a packing density of 97%, white this to taken to the 

extreme in B, where compaction had led to near total obliteration of primary matrix 

and a near total welding of the ooid grains. This sample has a packing density of near 

100%. 

It is only in the grainstones of the Cutri Formation (at Amoixa) that brittle compaction 

may be observed (6-II, D) as well as intense grain suturing and ooid destruction by 

pressure solution (6-II A + B). 

The dominant plastic grain deformation noted within the Cutri Formation, and the 

general absence of mechanical fracture and broken grains may be explained by virtue 

of the sediment originally being packstone in nature. Grain breakage of all types 

reduces with increasing mud content of the sediment fraction, since the interstitial mud 

acts to cushion the grains during compaction (Bhattacharyya and Friedman 1979) 

(Compare Plate 6-11, E). This explains why brittle fracture fabrics are only observed 

in the grainstones. 
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Moore and Druckmann (1981) state that ooids are of higher mechanical competence 

than peloids and oncoids, which would also explain why these larger oversized grains 

(as well as the wackestone clasts) preferentially develop sutured contacts and 

longitudinal contacts (Plate 3-IV. D + E). 

Low packing densities in the Cutri Formation are only observed in a thin oolitic 

posidonia coqina horizon at Amoixa (below the basal debirs flow - Fig. 3-25) Here 

early fringing cements on the Posidonia filaments have prevented the subsequent 

compaction seen elsewhere (Plate 6-III, A). The packing density of this sediment is 

only 61 %. These early fringing cements are also observed in the Posidonia coquinas of 

the Puig de Ses Fites locality (Plate 3 XV. E and F). These early marine cements show 

a bright yellow cathodoluminescence (Plate 6-111, B). 

Other Diagenetic Features 

Cements when observed in the Cutri Formation, are predominantly ferroan-calcite 

(Plate 3-IV, B) which is interpreted as precipitating from Fe-rich connate reducing 

marine pore waters (c.f Grover and Read 1978~ Wong and Oldershaw 1981). 

Precipitation in a reducing environment is also suggested by the strong smell of H2S 

when the rock of the Cutri Formation are crushed. Framboidal pyrite may 

occassionally be found within ooid cortices, indicating that H2S was oxidized by 

sulphur-oxidizing bacteria to form elemental sulphur, which reacted with the FeS to 

form the pyrite framboids (Berner 1970). 

The cements are interpreted to have been internally derived by intergranular pressure 

solution ("autolithification"). Small amounts of calcium carbonate would also have been 

released during silicification. 

Silification seems have occurred relatively early on during the diagenesis of the Cutri 

Formation, the silica preferentially replacing the more organic-rich ooids. In silicified 

regions of the turbidites, ooids are less compacted than in surrounding non-chertified 

regions, indicating that silicification was relatively early (Plate 6-1, C). Silica also 

occurs preferentially replaces turbidite bases where they overlie hemipelagic units. 

These relationships have been observed in other carbonate turbidite sequences where 

the silica is interpreted to be locally derived (ie from radiolaria) (eg Bustillo and Ruiz 

Ortiz 1987; Domnbrowski 1987). 
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The only porosity observed in the Cutri Formation is intra-ooid cortex microporosity 

(Plate 6-IX, A» and rare porosity associated with calcitization of dedolomite in the 

amoixa grainstones (Plate 6-IX, B). 

Compaction features of the Vajont Limestone 

Plastic deformation of the ooids is not a common feature of the Vajont Limestone. 

The grains appear to have been more rigid, with a greater incidence of brittle 

compaction features. Concavo-convex and sutured contacts tend only to develop 

between the oversized peloids and ooid-oncoid components (refer back to Plate 4-VIII 

D and E. Packing densities in the Vajont Limestone may vary between 74-92%, the 

incidence of brittle grain fracture increasing with increased packing densities. (Plate 

6-IV A, Band C, and 6-V C and D, 6-VII, B) crushed and fractured grains (Plates 6-

V, 6-VI, and 6-VII), spalled and crushed ooid cortices (Plate 6-IV, D) are frequently 

present in these samples with higher packing densities. The welded framework, or 

very high packing densities developed within the Cutri Formation (of Plate 6- I, A and 

B) are never observed. 

Post-compactional cementation of the Vajont Limestone 

A single phase of post-compactional non-ferroan calcspar cement, forms between 8 to 

23% of the total rock volume within the Vajont Limestone. This cement is a coarse 

mosaic or poikilitic cement enclosing entire pores (Plate VI, A and B are especially 

good examples in relatively uncompacted thin sections). The calcspar cement heals 

broken and fractured ooids and clearly post-dates compaction (Plate IV) and is 

therefore interpreted as a burial cement (c.f Moore and Druckmann 1981; 

Prezbindowski 1985; Scholle and Halley 1985; Friedman 1987, Choquette and James 

1987). 

The calcspar (and the whole rock in general) is completely non, to rarely dully 

luminescent under cathodoluminescence, with none of the complex cement banding so 

ofter reported (eg Meyers 1974). Dun non-luminescent cement is characteriztic of 

burial cements which typically do not show zoning (Prezbindowski 1985) due to the 

"monotony" of basinal pore-water systems (Choquette and James 1987). Since the 

cements are non-ferroan calcite, the non-luminescence is likely to be attributable to a 

low concentration or absence of Mn2+ (Prezbindowski 1985). Neither are the cements 

zoned under ultra-violet fluorescence as can be seen from Plates 6-IV and V. 
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Calcite cements formed during burial, such as these, are considered to be iron-free 

simply due to the absence of a source for iron, which would be the case in thick 

carbonate packages (Prezbindowski 1985). Iron-free burial cements analogous to those 

observed in the Vajont limestone are described from the Southern zone of the deeply 

buried Smackover Formation by Moore and Druckmann (l981) and Moore (l985). 

The southern zone of the Jurassic Smackover Formation is a deeply buried oolitic ramp 

that shows analagous diagenetic pathways to the Vajont Limestone apron: of 

compaction and primary porosity reduction preceeding burial cementation (as described 

by Moore and Druckmann (1985». 

As in the Smackover, dolomitization in the Vajont Limestone is late stage, and may 

preferentially develop at grain contacts (Plates 6-VII and 6-VIII). Unpublished work 

by the author indicates these dolomites are burial (hydrothermal) dolomites, and in 

certain regions dolomitization is extensive (ie as seen in the Vajont Gorge, Plate 4-V, 

A). 

Calcitization of dolomite (dedolomite) also OCcurs and appears to be an unimportant 

mechanism of secondary porosity development (Plate 6-VI, C and D). These dedolomite 

fabrics are clearly picked out under ultra-violet fluorescence, and display the classic 

"clotted micritic" texture of replacement dedolomite (Plate 6-VIII) (c.f Evamy 1967), 

and may be locally associated with secondary porosity (Plate 6-IX, E) that resembles 

secondary porosity development in the southern zone of the Smackover (Moore and 

Druckmann 1981), by late stage dissolution. 

Aspects of the Peniche Sequence 

Packing densities of the Peniche sequence are much lower than those of the Cutri 

Formation and the Vajont Limestone, lying between 65-75%, as can be seen from Plate 

6-X, as well as Plates 5-11 Band E and 5-IV, C. The packing densities are lower and 

grain contacts are much reduced. Point contacts are present, but again are much 

reduced in occurrence, when compared to the other formation. 

The lack of observed compaction features is due to the development of an early, pre

compactiona}, isopachous fringe Cement (l0-30 I' thick) that develops around the 

constituent carbonate sand grains, and characteriztic only of this formation (see Plate 
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6X A and E for detail) preceding the late stage major pore-filling cement. The fine 

crystalline cement was precipitated prior to significant overburden or compaction (c.f 

Moore -and Druckmann 1981). the physical integrity of the Peniche sequence 

grainstones. therefore. being established prior to significant burial. by precipitation of 

the isopachous intergranular calcite cement. This cement. probably formed not far 

below the depositional interface. increased the bearing strength of the sediment so that 

it compacted less readily (at least at depths of < 2 km - Choquette and James 1987). 

These isopachous fringing cements are interpreted as being early submarine. probably 

originally high-magnesian calcite cements. Very similar intergranular cements of Mg

calcite have been described by James et al (1976) from the Belize reefs, which have 

been interpreted as early subsea cements. Early. intragranular fringe cements have 

been documented from Bahamian troughs of the modern Bahamas (Newmann et al 

1977; Cook and Mullins 1983). Early marine cemented lithoherms occur at depths of 

600 m in the Bahamas (Newman et al 1977). In shallow, enclosed basins such as the 

eastern Mediterranean and the Red Sea where there is an anti-esturine circulation, 

warm waters extend to the sea floor and basin sediments are locally cemented to form 

crusts (Gevirtz and Friedman 1969; Milliman and Muller 1977). The toe of reef slopes 

commonly exhibit early cementation (Land and Moore 1980). 

The major pre-requisite for early sea-floor cementation appears to be an oxygenated 

environment. a stable substrate and effective water exchange ie) current activity (James 

and Choquette 1983). The presence of the numerous trace fossils associated with the 

Peniche sequence grainstones are evidence for an oxygenated sea floor environment 

during deposition. and the clean grainstone texture may also indicate that currents 

served as a catalyst for cementation (c.f Mullins 1983b). The presence of these cements 

in the Peniche sequence may be due to the oxygenerated sea floor of deposition which 

partly have been due to its inferred shallower palaeodepth of sedimentation. than either 

the Vajont Limestone or the Cutri Formation. 

Diagenetic Inferences 

In most cases the diagenesis of these re-sedimented carbonate sandbodies is 

characterized by mechanical and chemical compaction of the sediment resulting in 

porosity destruction. this process being taken to its greatest extent in pacustone 

sediments; oolitic grainstones being more resistant to deformation. probably due to 
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earlier lithification of the component grains. Compaction may only be prevented by 

the development of early cements, as demonstrated by the Peniche sequence. 

Major cementation is by late stage burial cements derived from intra-formational 

pressure solution. The diagenetic trend of these facies is therefore towards porosity 

reduction by first compaction and then by cement occlusion. The sandbodies have 

potential to be extensively affected by secondary dolomitization and late subsurface 

secondary porosity creation. These are likely to be the only mechanisms for generating 

porosity to form hydrocarbon reservoirs (see discussion in the conclusions) 
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Plate 6-1 CUTRI FORMATION 

A) Compacted oolitic grainstone, southern section of Puig Cutri 
(Unstained thin section) Field of view .. 2 mm. 

B) Heavily compacted micritized ooids with a very high packing 
index turbidite 21, Puig dten Pare. (Unstained thin section). Field of 
view = 2 mm. 

C) Preferential silica replacement of ooids, Puig de Ses Fites. 
(unstained thin section, cross polarized light) Field of view .. 2 mm. 

D) Oolitic wackestone. Turbidite 2, Ping dten Pare Note almost 
amorphous field of view, and absence of petrological detail. 
(Unstained thin section). Field of View .. 3 mm. 

E) Same view as in D) under ultra-violet fluorescence. Note clear 
differentiation of matrix and ooids. Fluorescent bands in ooids may 
represent more organic-rich cortical layers. 
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Plate 6-11 CUTRI FORMATION 

A) Compacted oolitic grainstone, Amoixa section, Cutri Formation. 
To show intergranular pressure dissolution. (Unstained thin section) 
Field of view = I mm. 

B) Same view as A under ultra-violet fluorescence. Note clarity 
of detail compated to that in A. 

C) Rare quartz grain forming ooid nuclei, under ultra-violet 
fluorescence. Ping Cutri and gulley, Cutri Formation, Mallorca. Field 
of View = 0.75 mm. 

D) Mechanical compaction of ooid, that probably had an original 
aragonitic nucleus, dissolution of which permitted ooid cortex collapse. 
(ultra-violet fluorescence) Field of view = 0.5 mm. 

E) Grain to grain pressure dissolution, resulting in sutured 
microstylolitic development within ooid. Note the detail within the 
matrix, which is not observed under normal light, and cortical banding 
of the ooid. Turbidite 6, Puig d'en Pare, Cutri Formation, Mallorca, 
(ultra-violet fluorescence). Field of view = 1 mm. 
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Plate 6-111 CUTRI FORMATION 

A) Oolitic 'Posidonia coquina'. Condensed horizon, basal Amoixa 
section. To show development of early pre-compactional cement on 
Posidonia filaments (stained thin section). Field of view ... 3 mm. 

B) Cathodoluminescence of the Posidonia coquina grainstone of 
Plate 3-XV, E and F. Early cement fringe shows bright yellow 
luminescence. Field of view == 2 mm across. 

C) Oolitic posidonia coquina grainstore. Condensed horizon, basal 
Amoixa section. (Unstained thin section) Field of View ... 1 mm. 
(Left is top of section). 

D) Same view as C, under ultra-violet fluorescence, which brings 
out detail within the "cement" of C, showing posidonia filaments, and 
later dark blue, calcite cement. 
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Plate 6-IV 

A) Grainstone turbidite, Col Visentin, bed 6. (Unstained thin 
section) Field of view = 1 mm. 

B) Same view as A, under ultra-violet fluorescence, which 
highlights the mechanical compaction of ooids with presumed original 
aragonitic nuclei. 

C) Mechanical compaction of an ooid-oncoid grain. (ultra-violet 
fluorescent) Field of view = I mm 

0) Mechanical compaction of ooid showing outer spal1ed-off 
cortical layers. Turbidite 6, Col Visentin. (Ultra-viOlet fluorescence) 
Field of view = 3 mm. 
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Plate 6-V VAJONT LIMESTONE 

A) Stylolite developed in oolitic grainstone. Southern face of 
Vajont Gorge, Vajont Limestone. (Unstained thin section) Field of 
view = 1 mm. 

B) Same view as A, only under ultra-violet fluorescence. Note 
fine detail preserved in the high-amplitude micro-stylolites. 

C) Pressure dissolution, and mechanical compaction affecting 
oolitic grainstone. Southern face. Vajont Gorge, Vajont Limestone. 
(Ultra-violet fluorescence) Field of View • I mm. 

D) Ultra-violet fluorescence picking out original detail of a 
foramunifera. Note internal development of a fire fringe cement 
within the foraminiferal chambers and also mechanical compaction of 
ooid (top left). Northern face of Vajont Gorge. Field of view = 0.75 
mm. 

E) Same view as in D only under normal light. Compare the loss 
of detail compared with D. 
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Plate 6-VI V AlONT LIMESTONE 

A) Deliberately contrasted photograph to show the development of 
burial calcite cement, in oolitic grainstone turbidite 131. Col Visentin. 
(Unstained thin section) Field of view = 2.5 mm. 

B) Contrasted photograph to show the development of calcite 
cement in oolitic grainstone turbidite 248, Col Visentin. 

C) Calcitized dolomite (dedolomite) rhombs showing porosity 
development. Turbidite 8, Col Visentin Section 

D) Extensive porosity development associated with calcitization of 
dolomite. Top of the Vajont Limestone, Vajont Dam reservoir. 
(Unstained thin section) Field of View = 3 mm. 
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Plate 6-VII V AJONT LIMESTONE 

A) Dolomitized oolitic turbidite, Mis Valley section, on the Trento 
plateau showing large, post-compaction and cementation replacement 
idiotopic dolomite rhombs. (Unstained thin section) Field of view = I 
mm) 

B) Same view as A, under ultra-violet fluorescence. Note zonation 
of dolomite, and the preservation of replaced ooid "ghosts" within the 
dolomite enhanced by this technique. 

C) Dolomitized oolitic turbidite, Mis Valley section (Unstained 
thin section) Field of view III 2.S mm. 

D) Same view as C under cathodoluminescence. Note aeration of 
dolomite rhombs, more clearly expressed than in B, but poor visual 
aspect of the constituent turbidite grains. Field of View - 2.S mm. 
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Plate 6-VIII V AJONT LIMESTONE 

A) Oolitic grainstone, to turbidite 5, Col Visentin. (Unstained thin 
section) Field of view = I mm. 

B) Same view as A, under ultra violet fluorescence, delineating 
blue rhombic areas of calcitized dolomite (dedolomite). 

C) Compacted oolitic grainstone, turbidite 6, Col Visentin. 
(Unstained thin section). Field of view,.. I mm. 

D) Same view as C under ultra-violet fluorescence, showing areas 
of calcitized dolomite in light-blue. 
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Plate 6-IX S.E.M. 

CUTRI FORMATION 

A) Intra-ooid cortex porosity developed in oolitic packstone. Unit 
A, southern section Puig Cutri (gently etched polished stubb). 

B) Intra-cement dedolomite porosity and ooid edge porosity. 
Amoixa section, basal debris flow. (Gently etched polished stubb) 

V AJONT LIMESTONE 

C) Porosity after dedolomite, and intra-ooid cortex porosity. 
Northern face of the Vajont Gorge. (Gently etched polished stubb). 

D) Intra-granular primary porosity preservation. Southern face of 
the Vajont Gorge. Southern face of the Vajont Gorge. (Gently etched 
polished stubb). 

E) To show detail of intergranular porosity. Southern face of the 
Vajont Gorge. (Gently etched polished stubb) 
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Plate 6-X PENICHE SEQUENCE 

A) Peloidal grainstone, unit 3, Peniche sequence. To show the 
development of a delicate fringe cement around the carbonate grains. 
(ultra-violet fluorescence). Field of view = I mm. 

B) Peloidal grainstone from unit 6, Peniche sequence, under 
cathodoluminescence. To show growth zones developed in an 
echinoderm syntaxial overgrowth and the bright luminescence of the 
rock in general. Field of view = 2 mm. 

C) Grainstone from Unit 4, Peniche sequence. To show 
luminescence of feldspar (blue mauve), and dull red-brown 
luminescence of quartz) Field of view = 2 mm. 

D) Uncompacted oolitic-peloidal grainstone of unit 6, Peniche 
sequence. (Unstained thin section) Field of view .. 2 mm. 

E) Same view as in D) under ultra-violet fluorescence. To show 
development of pre-compactional fringe cements. Note the clarity of 
detail in this photograph, compared to that in D. 





CHAPTER 7 

CONCLUSIONS 

Three resedimented carbonate sand turbidite systems have been discussed and 

interpreted with reference to their application to currently available siliciclastic and 

carbonate fan and apron models. In so doing, references have been made and 

examples have been drawn from many turbidite systems both modern and ancient 

described in the literature. The Cutri Formation and the Vajont Limestone have been 

interpreted as oolitic aprons; the Peniche sequence as a carbonate sand version of a 

sand-rich (siliciclastic) fan model. The contrasting sandbody architectures and 

geometries displayed by these three formations have been interpreted relative to the 

dominance of relativepalaeogeographic, tectonic and eustatic controls and their 

interactions. As a re-cap, summaries are provided. 

The Cutri Formation 

The Cutri Formation is interpreted as a retrograding base-of-slope oolitic apron, the 

retrograding trend interpreted as representing a single rift-infill thinning-upward 

megasequence. This stratigraphically thin oolitic apron is composed of distinctive and 

laterally correlatable oolitic units, interbedded with hemipelagic units, whose particular 

nature is also correia table along strike. The oolitic units are composed predominantly 

of high-density, oolitic turbidites. that may be amalgamated or occur as discrete and 

individual events. These major turbidite events may correlate along strike with 

equivalent debris flow units. 

The classic high-density form of the oolitic turbidites of the Cutri formation are the 

first to described in detail from any resedimented carbonate turbidite system. The 

apron is interpreted as being sourced from the east, with a fragment of source -

platform and the upper slope facies being exposed in the far eastern Sierra de Levante 

of Mallorca, with the Jurassic succession of Cabrera representing laterally equivalent 

upper by-pass slope facies. 

The stratigraphic range of this apron coincides with an episode of long-term eustatic 

sea-level drawdown in the Bathonian. Within the apron, major oolite resedimentation 

phases coincide with short-term episodes (within third order cycles) of sea-level fall, 

when it is hypothesized that eustacy would work against regional subsidence to produce 

a net slower sea-level rise; while the hemipelagic units, which include contourites. are 
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hypothesized as representing slope drape episodes as a result of short-term eustatic sea

level rise that worked in concert with regional subsidence to produce a faster net sea

level rise. 

Within this framework, a tectonic control on resedimentation was also in operation and 

some of the units, especially the debris flows, were likely to be directly tectonically 

initiated. The relatively sand-poor and mud-rich nature of the sandbody may be 

explained by the source platform margin acting as a palaeowindward margin. 

The Vajont Limestone 

The Vajont Limestone is re-interpreted as an aggraded oolitic carbonate sand apron, 

from the original interpretation of Bosellini et al [1981 a & b] and Winterer and 

Bosellini [1981], of an oolitic fan. This major oolitic apron, composed of grainstone 

turbidites, involved the resedimentation of some 2,500 km3 of oolite, that was sourced 

from the large, stable Friuli Platform. 

This major platform was situated near the eastern edge of Western Tethys and was 

unprotected against the prevailing north-easterlies blowing across this vast oceonic 

expanse. The western margin of the Friuli Platform acted as a leeward margin with 

respect to these prevailing winds and was dominated by the active production and off

bank transport of clean oolitic sands into the Belluno Trough. This receiving basin was 

narrow and confined in comparison to the extent of the source platform. The oolitic 

sands were fed to the Belluno Trough through numerous inferred entry points (gullies) 

along the length of the Friuli Platform, as lobate, high-density turbidite sheets, which 

stacked and overlapped along strike to form a basin margin parallel wedge of oolitic 

sands. The apron interpretation is validated by the occurrence of a statistically proven 

random turbidite sequence. 

The apron was repeatedly aggraded by ongoing basin subsidence, that also prevented 

progradation of the platform margin. The Vajont Limestone served to plain the initial 

rift-topography of the Belluno Trough, and it's development is analogous to the early 

aggradational infill phase of the Straits of Andros, as described by Eberli and Ginsburg 

[1989]. 

The primary controls governing the architecture of this sandbody, which represent the 

optimum in resedimented carbonate sand-rich facies, were the large and stable nature 
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of the Friuli Platform and its palaeoleeward situation; ongoing subsidence within the 

receiving basin of the Belluno Trough; and a net sea-level rise produced by the 

interaction of regional subsidence and eustatic sea-level fluctuations. 

The Peniche Sequence 

The Peniche sequence is interpreted as a prograding, carbonate fan that convincingly 

conforms to a siliciclastic sand-rich fan model. The original fan interpretation of 

Wright and Wilson [1984] is strengthened by the occurrence of statistically valid, non

random cyclic trends developed within the succession. The occurrence of the fan 

coincides with an episode of long-term eustatic draw-down that favoured fan 

progradation, by acting to counteract the effects of regional subsidence. This carbonate 

fan therefore shows analogies with siliciclastic fans, in that it correlates with an episode 

of sea-level fall. 

Factors influencing fan rather than apron development, were the inferred restricted size 

of the source platform that was an isolated, off -shore uplifted basement horst and the 

likelihood that carbonate sand was funnelled down a canyon, whose development and 

location was likely to be controlled by a transform fault. These factors gave rise to the 

localized development of the fan within the basinal sequence. The fan is sand-rich and 

is interpreted to have been sourced from a palaeoleeward margin, where off-bank sand 

transport favoured progradation, resulting in the development of a substantial 

multistory braided channel complex that overlies fan lobe sequences. 
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Controls on the Cutri Formation 
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Controls on the Vajont Limestone 
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The role of palaeogeographic controls on resedimentation 

The palaeogeographic situation of the source platform effects the energy flux that 

controls carbonate sand production and transportation. This is best exemplified by the 

contrasting palaeogeographic situations of the Friuli Platform, remote from any 

landmass and on the eastern edge of Tethys completely unprotected from north-easterly 

winds blowing over this extensive ocean~ and the source platform of the Cutri 

Formation that was sheltered from these effects both by its more westerly situation and 

by the position of the Kabylia - Albornan landmass. Windward and leeward margin 

orientations and the dominance of global or more locally regional wind systems is 

therefore affected by the palaeogeographic situation of the source platform. 

Palaeoleeward and palaeowindward type aprons have been distinguished from the 

Jurassic of Southern Europe. Leeward margin aprons are typically carbonate-sand rich, 

leeward margins being dominated by active off-bank sand transport, windward margin 

aprons being relatively sand-poor due to net on-bank sand transport; The orientation 

of the source platform margin therefore provides a fundamental control on 

resedimented sandbody architecture; leeward margin aprons being "sand-rich" and 

windward margin aprons being "sand-poor". This provides a fundamental control on 

sandbody reservoir potential, with palaeoleeward margin aprons having by far the best 

potential to develop major sand-rich hydrocarbon reservoirs; Paul Enos has interpreted 

the resedimented carbonate reservoir facies of the Cretaceous Posa Rica trend, Mexico, 

as being sourced from a leeward margin [Mullins and Cook 1986]. 
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The role of tectonic controls on resedimentation 

The role of tectonics in governing the resedimented sandbody geometries and 

architectures of these three Jurassic turbidite systems was of primary and fundamental 

importance. Tectonics governed the primary morphological control of the region, 

delineating the platforms, platform margins and basins, thereby creating the primary 

depositional framework for both sediment production and resedimentation. It was 

therefore tectonics that also played a role in governing the palaeowindward or 

palaeoleeward situation of the source platforms; as well as governing basin and 

platform size; and controlling internal basin geometry and tectonic slopes. 

Tectonics also provided an important secondary control on resedimented sandbody 

morphology. Faults perpendicular to the margin are inferred to have localized the 

canyon that fed the Peniche sequence fan, and formed gulley sites within the Cutri 

Formation. Such faults may also serve to give rise to lateral apron facies changes. 

Tectonic-related regional subsidence played a role in governing sediment production 

rates on the source platform, as well as controlling resedimented sandbody architecture 

within the rift basins. Different subsidence rates favour the development of different 

types of resedimented sandbody architecture as exemplified by the progradational, 

aggradational and retrogradational types discussed in this thesis. Subsidence rate is 

therefore an important control on reservoir potential, subsidence rates that out-pace 

sedimentation being unfavourable. The relative effect of subsidence and sediment rates 

are intricately linked to the palaeowind ward or palaeoleeward orientation of the source 

platform: sand poor palaeowindward related turbidite systems being less able to 

counteract subsidence by sedimentation (e.g. the Cutri Formation); while tectonic 

subsidence favours the major sandbody development by progradation or aggradation in 

palaeoleeward related turbidite systems, where subsidence is balanced by net off -bank 

sediment flux. 

Tectonic 'events' (ie. fault activity) may be responsible for directly inducing turbidite 

resedimentation, while associated fault-induced uplift of the source platform (that may 

occur in both extensional and strike-slip regimes) may induce further resedimentation 

of platform "margin sands": also aiding the platform to remain within the realms of 

oolite production by counteracting regional subsidence [Abbots 1987 a,b & c}. 

Tectonism therefore also plays a role in governing sediment type production, by its 

ability to rapidly induce relative sea-level changes over the carbonate source platform. 
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The role of eustatic controls on resedimentation 

Eustatic sea-level changes work hand in hand with subsidence, to control sediment 

production rates, types of sediment produced, and off -bank transport rates. (These 

factors also being controlled by the energy flux and palaeoleeward or palaeowind ward 

situation of the source platform). The effects of relative sea-level changes (i.e, 

subsidence plus or minus eustatic changes) is of major importance in controlling 

relative sea-level over the source platform. 

Eustatic sea-level fluctuations are the most important factors controlling sedimentation 

and growth of present day siliciclastic resedimented systems on passive margin settings 

[e.g. Shanmugam et al 1985 and 1988; Mutti 1985; Mutti & Normark 1987]. In such 

siliciclastic settings, sea-level fall or lowstands. often correlate with the basin ward 

shedding of clastic debris. the majority of submarine turbidite systems being lowstand 

deposits [e.g. Normark et a1 1979; Shanmugam & Moiola 1982 and 1988; Shanmugam et 

al 1985; Stow 1985; Howell & Vedder 1985]. Consequently, hydrocarbon-bearing fan 

sequences are associated generally with global lowstands of sea-level. as, for example, 

in the North Sea [Shanmugam et al 1985]. 

In terrigenous settings, sea-level highstands trap sediment on shelf, as a result of which 

highstands. especially those associated with rapid rise, tend to coincide with inactive 

phases of sedimentation on the fan surface [Stow et al 1985] (e.g. the Laurentian Fan 

[Stow 1981]). Pelagic and hermipelagic sedimentation dominate these intervals [e.g. 

Damuth and Flood 1985] and currents may rework the sediment to form contourities 

[Stow 1985a]. Ofr major sediment sources sediment may still reach the depositional 

supreme, but at a reduced rate [Shanmugam et al 1985]. 

Lowstands result in exposure of the shelf and direct funnelling of sediment to the fan, 

resulting in rapid fan development and increased turbidite frequency [Shanmugam & 

Moiola 1982 and 1988; Mutti & Normark 1987]. Similar effects are noted on clastic 

aprons [Stow 1985a). and also seems to apply to the Cutd Formation, episodes of slope 

drape and contourities correlating with sea-level highstands within third order cycles. 

The long-term development of both the Cutri Formation and the Peniche Sequence 

correlate with long-term eustatic sea-level drawdown, thereby showing analogies with 

siliciclastic fans. 
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Controversy exists in the debate concerning the role of sea-level change and initiation 

of carbonate gravity deposits [e.g. Kendall & Schlager 1981; Mullins 1983c; Shanmugam 

& Moiola 1983. 1984 and 1985]. mainly. this author feels. due to a misunderstanding of 

terminology usage. Mullins [l983c] suggested that while lowstands produced a relative 

increase in turbidite frequency in siliciclastic systems. there was "a growing amount of 

evidence to suggest that eustacy may have an opposite effect on deep-sea sedimentation. 

around isolated carbonate plat/orms". Mullins [1983c] incorrectly assumes that 

"lowstand" refers to an event which subaerially exposes the platform by his statement: 

"In fact. during relative lowstands 0/ sea-level. very little sediment is produced 011 

carbonate platforms because 0/ subaerial exposure. meteoric cementation and 

dissolution". It is clear to the author that a relative lowstand does not necessarily 

imply. or indeed give rise to. subaerial exposure of platforms. isolated or otherwise, 

especially in actively subsiding tectonic regimes. 

Shanmugam & Moiola [1984] and Shanmugam et al [1985] in their papers discussing 

control of carbonate turbidites, suggest that carbonate turbidites should occur during 

initial sea-level lowering, prior to exposure. as suggested by Hine et al [1981] and Hine 

[1983], hypothesizing the lowering of wave base creating slop instabilities. This appears 

to be a major mechanism for generation of debris flows, e.g. the debris flow from 

Exuma Sound [Crevello & Schlager 1980], which appears to correlate with initial 

lowering from the Sangaman highstand; a major debris sheet in the Hecho Group 

(northern Spain) also seems to correlate with a major sea-level low during the Eocene 

[Johns et al 1981]. The most convincing documentation is that of Cook et al [1987], 

who correlate coeval slope failure in Alaska, Nevada and Asia, due to late Cambrian 

sea-level fall. Shanmugam & Moiola [1984], Shanmugam et al [1985] show that many 

carbonate turbidites of Palaeozoic age correlate with low-stand episodes of sea-level; 

these include the late Permian Pinery and Rader Limestones in west Texas [Koss J 977]; 

the Pennsylvanian Dimple Limestone in Texas [Thompson & Thomasson 1969]; the late 

Mississippian Rancheria Formation in New Mexico and West Texas (Yuremicz 1977]; 

the early Devonian Rabbit Hill Limestone in Nevada [Kepper 1981]; the early Middle 

Ordovician Gow Head Breccia in Newfoundland [Hiscott & James 1985); the early 

Ordovician Hales Limestone, Nevada [Cook & Taylor 1977; Cook & Mullins 19831; and 

the early Cambrian Sekwi Formation in Northwest Territories {Krause & Oldershaw 

1979]. 

This data suggests that resedimented carbonates do form during eustatic lowstands and 

are not therefore only highstand features. as suggested by Mullins [l983c). This is 
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exemplified by the Peniche sequence and the Cutri Formation, which correlate with 

long-term sea-level drawdown, much of the Vajont Limestone also being deposited 

within an episode of long-term sea-level drawdown. This contradicts the recent 

statement of Bosellini [19891 who states that the Jurassic Tethyan carbonate platforms 

were characterized by the "Shedding 0/ oolite sands during sea-level highstands". 

Modern carbonate platform studies have demonstrated an over-production of bank-top 

sediment during present sea-level highstands by calcareous algae over-producing 

micrite [Neumann & Land 1973]. which is transported off-bank to form peri-platform 

ooze [Schlager & James 1978]. Thus during high-stands it is carbonate mud and not 

carbonate sand that is transported to the deep. As is discussed in Chapter 2, it has 

been demonstrated that the rate of sea-level rise is important in controlling the off

bank transport of carbonate sand; this occurring as sea-level is slowly rising, or when it 

slowly falls from a highstand position, when water is shallow over the platform. 

Therefore as far as oolitic turbidites are concerned, a maintenance by subsidence (plus 

eustatic sea-level fluctuation effects) between water depths of 2-10m over the source 

platform is the most important factor controlling and maintaining production and off

bank transport of carbonate sands to the slope and basin. Highstands (tectonically or 

eustatically induced) that result in the flooding of the platform to depths greater than 

10m, render oolite shoals inactive, thus restricting off-bank transport. The conclusion 

that resedimentation of the oolite units of the Cutri Formation corresponds to sea level 

drawdown episodes (when eustatic fall counteracts regional subsidence. to produce a net 

slower rise) while the intercalating hemipelagic facies represent deposition during 

increased net rise during episodes of short-term eustatic rise, is therefore bourne out 

by studies of the modern Bahamas. 

The occurrence of resedimented carbonate turbidite systems with eustatic drawdown 

episodes shows a direct relationship between the eustatic control of siliciclastic fans and 

aprons and carbonate sand turbidite systems deposited in tecranic settings. 
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Figure 7-1 

The effects of relative sea-level - a comparison of siliciclastic 
and carbonate regimes 
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Discussion on the potential hypothetical reservoir qualities of resedimented carbonate 

sand facies 

As pointed out by Mullins & Cook [1986], aprons provide a greater potential for major 

hydrocarbon reservoirs than carbonate fans, with the potential to develop extensive 

sandbodies that parallel the source platform margin. In terms of exploration, aprons 

are also easier targets for exploration, due to their linear extent along strike and their 

simpler facies geometries. This means that when dealing with an apron situation the 

primary target is the entire apron [e.g. Mullins & Cook 1986]. Aprons deposited in 

tectonic regimes may assume a greater potential to form substantial vertical sandbody 

thickness, as well as being laterally extensive (for example, the Vajont Limestone 

apron). When dealing with base-of -slope aprons, it should be noted that the 

commencement of the apron facies varies with its relationship to the platform margin 

as a function of slope angle; increased slope angle, decreasing the distance of the apron 

from the margin. 

Less extensive, localized reservoirs would form from carbonate fans such as the Peniche 

sequence, where as with siliciclastic fans the principle targets would be fan lobes and 

channel sequences. In the case of the sand-rich Peniche fan, the development of the 

multistory braided channel complex provides an attractive potential (hypothetical) 

target. 

As a basic principle, leeward margin aprons have the potential to develop the most 

extensive reservoir sandbodies, with poor reservoir quality expected from sand-poor 

windward margin aprons. Similarly leeward margin carbonate fans would have higher 

potential than windward margin fans, although carbonate fans generally, (due to their 

probability of being major localized sandbodies) have less potential to develop major 

hydrocarbon reservoirs than aprons. 

The results suggested by this research indicate that the most carbonate sand-rich aprons 

should be found associated with the leeward margins of major carbonate platforms, 

adjacent to tectonically controlled basins, that allow aggradation of the resedimented 

facies this situation being exemplified by the development of the Vajont Limestone 

apron. 

As regards eustacy, this appears to over-print regional subsidence trends, and cannot 

therefore be used as a time-frame in which to locate resedimented carbonate 
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sandbodies. The recent statement by Bosellini [1989] that oolite shedding to 

depositional basins occurs during sea-level highstands in the Jurassic is invalidated by 

this research, where two of the three sandbodies correlate markedly with eustatic sea

level drawdown. 

These examples of shelf -derived resedimented carbonate sand facies would be likely to 

have a greater diagenetic potential than resedimented carbonate systems composed of 

mass-flow slope-derived breccias. Even though primary porosity destruction by 

compaction and burial cementation are features of the diagenesis of the aprons, there is 

potential for extensive secondary porosity development both due to burial 

dolomitization (especially along basin bounding faults) and to late stage solution of both 

cements and dolomite. As pointed out in the introduction, resedimented carbonate 

hydrocarbon reservoirs are characterized by the development of secondary porosity, 

which may be extensive. For example, the Cretaceous Posa Rica trend of Mexico 

[Enos 1977) has a high petroleum potential due to the extensive dolomitization of bank

edge talus [Viniegra 1981]. Reserves from these facies are estimated as exceeding 18 

billion barrels of oil and 15 trillion cubic feet of gas [Viniegra 1981]. 

Importantly, the process of secondary porosity formation may be directly related to 

hydrocarbon maturation~[e.g. Moore & Druckmann 1981; Crevello et al 1985]. When a 

source rocks reach the hydrocarbon window maturation by-products such as CO2 and 

H2S are released and cause basinal fluids to become mildly corrosive. Thus significant 

calcite dissolution may occur along preserved porosity pathways, thus creating porosity 

prior to hydrocarbon migration. This process has occurred in the reservoirs of the 

southern (deeply buried) zone of the oolitic Smackover Formation ramp. Significantly 

therefore, this process creates a mechanism for generating reservoir porosity, implying 

that if grainstone facies of carbonate aprons were underlain by source rock facies and 
-

were buried to within the oil window, porosity would be "self -generated" within the 

basin by the process of hydrocarbon maturation prior to migration [c.f. Moore & 

Druckmann 1981]. 

Comments and Ideas 

The interest in deep water carbonate environments was sparked by the publication of 

the SEPM volume of Cook & Enos [1977], which led on to the publication of a later 

SEPM volume of Cook et al [1983] which collated information from modern and 

ancient deep-water environments. It was in this latter publication that the apron model 
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was first widely proposed. the paper of Mullins & Cook [1986] firmly establishing this 

model as an alternative to the fan. Despite this work. even at the time of writing 

resedimented carbonate sandbodies that have distinctive apron geometries and traits (i.e. 

line source. absence of major channelised facies; dominant sheet like turbidites) are still 

being described as fans [e.g. Cooper 1989]. 

Carbonate fans are not documented from modern environments with carbonate aprons 

being considered the normal depositional systems in carbonate regimes. Some carbonate 

workers doubt whether carbonate fans are able to form at all [Colaccicchi & Baldanza 

1986]. The author agrees that carbonate aprons are the most likely forms of 

depositional system to occur throughout the geological record, but would add that 

carbonate fans are likely to be very rare occurrences. where there is a strong 

underlying tectonic control on the source canyon, and probably a size-restricted source 

platform. such as the Peniche sequence. 

The Cutri Formation and Vajont Limestone have been interpreted as contrasting forms 

of oolitic apron interpreted as a possible palaeowindward and a classic palaeoleeward 

apron. This distinction marks a possible area for the refinement of the carbonate apron 

models. Unlike the apron model of Mullins & Cook [1986] [Fig. 1-8]. these carbonate 

sand turbidite systems are not dominated by cohesive debris flow deposits and are 

composed almost entirely of a carbonate sand turbidites. In this respect these two 

aprons show similarities with Stow's models [Stow 1985a] for siliciclastic aprons, which 

are in many ways more similar in nature to these particular carbonate aprons than to 

the standard carbonate apron model. 

It therefore appears that the apparent sectioning of carbonate resedimented systems into 

aprons and siliciclastic resedimented systems into fans is bridged by the recognition of 

siliciclastic aprons and rare carbonate fans (fans sensu strico). The author predicts that 

in the next few years many ancient siliciclastic turbidite systems that up until now have 

been described a priori as fans. will be reinterpreted as clastic aprons. In the vast 

volume of literature on siliciclastic "fans" there are undoubtedly many aprons that have 

simply been described as fans simply due to the presence of turbidite facies. This is 

likely to be the next step forward in clastic sedimentology. a step which in many ways 

owes its development to carbonate sedimentology, and the work of Cook. Mullins, Hine 

and co-workers (see bibliography for a selection of their work). 
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A model transition area that remains a little "grey" is the transition from homodinal 

ramps with slopes of <1 0 , to slope aprons which have uniform slopes of <40
. 

Homoclinal ramps can evolve into slope aprons, especially in tectonically active areas as 

demonstrated by Gawthorpe [1986]; and increased sedimentation rates or structural 

infill of topographic depressions can lead to base-of -slope aprons evolving into low

angle slope aprons [e.g. Eberli & Ginsburg 1989]. Just where (i.e. at which angle) ramp 

facies are "replaced" by more volumetric resedimented slope apron facies is as yet 

unclear, but there does appear to be a clear spectrum with increasing slope angle, from 

homoclinal ramps through slope aprons, to base of slope aprons and then escarpmen t 

margins. 

Finally, resedimented carbonate depositional regimes remain a varied and fascinating 

field of research that has just begun to be understood. Needless to say, future 

research will lead to the development of more sophisticated carbonate apron models and 

a greater degree of understanding of these environment sensitive turbidite systems. 
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