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Abstract
The hierarchies of the stratigraphic discontinuity surfaces observed in ancient 
tidalites are qualitatively assessed, aiming to evaluate their role as possible pref-
erential conduits for fluid migration. Three outcrop examples are presented 
from microtidal settings of southern Italy: (i) siliciclastic tidalites consisting of 
quartz- rich cross- stratified sandstones generated by strong two- directional tidal 
currents flowing along a tidal strait; (ii) carbonate tidalites, which accumulated 
in a Cretaceous lagoon and tidal flat where peritidal cycles formed vertically- 
stacked sequences of biopeloidal and fenestral packstones, wackestones and 
bindstones during repeated phases of Milankovitch- scale sea- level changes; (iii) 
mixed, siliciclastic- bioclastic tidalites, deposited in a bay and recording offshore- 
transition, to shoreface wave- dominated and tide- influenced environments. 
Observations made during this study suggest that fluid movement can be con-
trolled by the presence of main bounding surfaces that occur at different dimen-
sions, from large (hectometre)- scale, to medium (decametre)- scale, to smaller 
(metre)- scales. These surfaces produced either by depositional or erosional 
processes, are characterised by different features and geometries in siliciclastic, 
carbonate and mixed siliciclastic- bioclastic tidalites arguably revealing complex 
internal pathways for fluid flows. These results suggest that fluids propagating 
along the main discontinuities follow a dominant sub- horizontal direction of 
propagation, associated with minor sub- vertical movements, due to local inter-
nal surface geometries and interconnections and a general lack of fractures. This 
surface- based approach to the study of fluid- flow transmission within stratified 
rocks represents a conceptual attempt to predict fluid mobility and reservoir po-
tential in tidalite- bearing siliciclastic, carbonate and mixed reservoir rocks.
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1  |  INTRODUCTION

The current energy transition and net zero scenario 
have led to increased interest in understanding reser-
voir properties at different observational scales. In this 
context, fluid migration and permanent sequestration in 
the subsurface is becoming an important mechanism in 
carbon neutralisation (Ringrose & Meckel, 2019; Payton 
et  al.,  2021, 2022a; Jackson et  al.,  2022). Sedimentary 
successions formed in tidal dominated/influenced en-
vironments represent reservoir plays of worldwide eco-
nomic importance for the energy transition because 
they are in many instances well- suited for CO2 storage 
(Ambrose et  al.,  2008; Aker et  al.,  2011, 2021; Sundal 
et al., 2014, 2016; Benson et al., 2018; Furre et al., 2019; 
Jackson et  al.,  2022; Meneguolo et  al.,  2022; Hossain 
et al., 2024). The characterisation of tide- influenced to 
tide- dominated facies and assessment of reservoir qual-
ity is often challenging and strongly controlled by their 
multiscale heterogenic architecture and property dis-
tribution (Wen et  al.,  1998; Jackson et  al.,  1999, 2022; 
Martinius et al., 2001, 2005; Nordahl et al., 2005; Ringrose 
et al., 2005). Fluid flow in reservoirs is affected by het-
erogeneity at a range of scales, from large (hectometre)- 
scale to micro (micron)- scale with the main control 
exerted by bedding surfaces, facies and grain textural 
changes (Weber, 1986; Weber & van Geuns, 1990; Pickup 
et al., 1994; Pickup & Hern, 2002; Grammer et al., 2004; 
Payton et  al.,  2022a, 2022b). Accordingly, the charac-
terisation of bounding and internal either erosional 
or depositional discontinuity surfaces plays a key role. 
However, in spite of the profusion of publications on 
clastic tidally- generated sediments there are few res-
ervoir quality studies which approach the analysis of 
tidalites from the perspective of their bounding and in-
ternal discontinuity surfaces (Wen et al., 1998; Nordahl 
et  al.,  2005; Ringrose et  al.,  2005; Araújo et  al.,  2021; 
Khan et al., 2023).

Sediments involved in tidal processes are mainly trans-
ported and repeatedly reworked by alternating flood and 
ebb- driven currents, so that ‘tidalites’ (i.e. sedimentary 
accumulations produced by tidally- driven depositional 
processes, sensu Williams,  1991 and Kvale,  2003) com-
monly result in highly- heterogeneous deposits, charac-
terised by specific facies assemblages, including tidal 
rhythmites, bundle cross lamination, flaser, wavy and len-
ticular bedding, herringbone structures, etc. (see review 

in Coughenour et al., 2009; Dalrymple, 2010; Longhitano 
et al., 2012).

Surfaces and their lithological contrasts, bounding sed-
imentary bedforms at laminae- scale to compound dune- 
scale or bar- scale and parasequence- scale, control to a 
large extent fluid flow through reservoirs formed by these 
deposits and provide crucial information necessary to 
characterise in a qualitative and quantitative sense. This 
data can subsequently be deployed to build heterogeneity- 
scale surface- based specific models and used for fluid- 
flow analysis with or without adding property trends for 
each lithofacies (Agar & Geiger, 2015).

In general, surface- based facies characterisation and 
modelling studies (Jackson et al., 2013) at different scales 
of sedimentary heterogeneity has focussed on deep- 
marine (Pyrczs et al., 2005; Zhang et al., 2009), shoreface 
(Sech et  al.,  2009) and marginal marine tide- influenced 
or tide- dominated systems (White & Barton, 1999; White 
et al., 2004; Elfenbein et al., 2005; Jackson et al., 2005, 2009; 
Nordahl et al., 2005; Massart et al., 2012, 2016; Jacquemyn 
et al., 2021). Moreover, a number of studies have investi-
gated in particular the effect of bounding surfaces at small 
scale (laminae to facies association) for CO2 migration in 
aeolian (Newell et al., 2019), fluvial (Alshakri et al., 2023; 
Issautier et al., 2013; Olierook et al., 2014; Sun et al., 2023; 
Trevisan, 2017a, 2017b), shallow marine (Mishra et  al., 
2020) and carbonate (Casteleyn et  al., 2010; Chandra 
et al., 2015; Araújo et al., 2021; Pourmalek et al., 2021a; Li 
et al., 2022) environments.

Pourmalek et  al. (2021b) described the facies inter-
play and associated sediment heterogeneity of three 
variations of mixed carbonate- siliciclastic reservoirs. 
They showed that storage security increased when these 
reservoir types had a strong layering developed at fa-
cies association level (the large- scale bounding surface 
class discussed below). Storage capacity was found to 
be controlled by: (i) heterogeneity, (ii) permeability of 
each facies (i.e. permeability contrast; see also Casteleyn 
et  al. (2010) for carbonate facies related property dis-
tributions and their effect on CO2 storage) and (iii) the 
degree of heterogeneity (e.g. the Late Permian Grayburg 
Formation; Casteleyn et al., 2010). Only a few studies on 
surface- based facies characterisation and rock typing of 
carbonate or mixed siliciclastic- carbonate sandstone de-
posits (excluding constructive carbonate deposits such 
as platforms, reefs, etc.), for the purpose of studying flow 
behaviour, are available.

K E Y W O R D S

bioclastic, carbonate, fluid migration, reservoir, siliciclastic, stratigraphic surfaces, tidalites
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   | 3CHIARELLA et al.

The present study aims to provide new information 
on discrete bounding surface heterogeneities resulting 
from sediment transport (erosion and deposition) and 
associated conceptual models that can be used in fluid 
flow modelling. Three well- documented field examples 
are reviewed to conceptually describe surface- based dep-
ositional models that can facilitate fluid flow analysis in 
siliciclastic, carbonate and mixed siliciclastic- bioclastic 
tidalites. The three case studies derive from two middle- 
upper Pliocene and a lower Pleistocene succession ex-
posed in southern Italy and interpreted as the record 
of an ancient tidal strait (i.e. the Catanzaro Strait), a 
palaeo- bay (i.e. Acerenza Bay), and a Cretaceous tidal 
flat of the Apulia Carbonate Platform, respectively. 
These field- based examples are compared to evaluate in 
two- dimensions the role of their stratigraphic discon-
tinuity surfaces in a reservoir characterisation frame-
work. These surfaces occur at multiple length scales in 
tidal deposits.

2  |  GEOLOGICAL SETTING OF 
THE THREE STUDIED AREAS

The tidal deposits examined in the present study are 
located in three different sectors of southern Italy: the 
Lucanian Apennine, which is a segment of the wider 
southern Apennine, the Apulia Carbonate Platform and 
the Calabrian Arc (Figure 1). The Lucanian Apennine is 
an east- verging fold- and- thrust belt (Figure  1), built on 
the western border of the Apulia Carbonate Platform 
from late Oligocene–early Miocene times (Pescatore 
et  al.,  1999). From the Miocene onwards, the thrust 
front migrated progressively eastwards, and during 
the Pliocene and Pleistocene, several wedge- top ma-
rine basins developed within the tectonic accretion-
ary prism (Vezzani,  1967; Hippolyte et  al.,  1994; Pieri 
et al., 1994). In some of these basins, coastal embayments 
favoured a tidal influence on the sublittoral sedimenta-
tion (Longhitano,  2011; Chiarella & Longhitano,  2012; 
Longhitano et  al.,  2012b). The areas around the village 
of Acerenza preserves a number of outcrops, the best ex-
posed of which has been analysed in this study.

The Apulia Carbonate Platform (Figure  1) rep-
resents the foreland of the southern Apennine Chain 
(Selli, 1962; Ricchetti et al., 1988; D'Argenio et al., 2004) 
(Figure  1). Its sedimentary succession cropping out in 
the Murge area, consists of 3000 m thick Cretaceous 
limestones and dolostones deposited mainly in shallow- 
water environments (Ciaranfi et  al.,  1988; Spalluto 
et al., 2005, 2007, 2008; Spalluto, 2008, 2012). This suc-
cession includes one major regional intra- Cretaceous 
unconformity produced by a long- lasting episode of 

subaerial exposure during the Turonian (Valduga, 1965; 
Ricchetti, 1975; Mindszenty et al., 1995). Below this un-
conformity, parallel- bedded, mud- supported limestones 
with frequent intercalations of dolostones, containing 
poorly differentiated microfossiliferous assemblages, re-
corded tidal flat environments (Spalluto, 2012).

The Calabrian Arc mainly consists of late Palaeozoic 
metamorphic and intrusive rocks, tectonically super-
posed on ophiolite- bearing units of Tethyan affinity, in 
turn overlying Mesozoic carbonate platform limestone 
of Apennine affinity (Tortorici,  1982). The Neogene 
to Quaternary tectonic evolution of the Calabrian Arc 
led to the formation of a series of half- grabens and 
narrow- linear basins, some of these acting as tidal 
straits, including the Amantea, the Catanzaro, the 
Siderno and the Messina straits (Mercier et  al.,  1987; 
Colella, 1995; Longhitano & Nemec,  2005; Di Stefano 
& Longhitano,  2009; Longhitano et  al.,  2012, 2014; 
Longhitano, 2013; Chiarella et al., 2021) (Figure 1). The 
Catanzaro Strait is used as an example for the outcrop 
analysed in this study.

F I G U R E  1  Geotectonic map of southern Italy (inset), showing 
the main areas where tidalites (asterisks) were documented: 
The Lucanian Apennine and the Calabrian Arc (modified from 
Longhitano et al., 2012b).
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3  |  GENERAL 
SEDIMENTOLOGICAL FEATURES 
OF THE TIDAL DEPOSITS

3.1 | Siliciclastic tidalites of the 
Catanzaro palaeo- strait

The lower Pleistocene (Calabrian) deposits in the 
Catanzaro Basin (Figure 2A) consist of large- scale cross- 
strata- sets (Figure  3), ranging in thickness from 10 to 
15 m along the basin margins, up to 35 m across the basin 
centre, accumulated in a tectonically- confined strait 
during a rapid phase of transgression (Chiarella,  2011, 
2016; Longhitano,  2011, 2013; Chiarella et  al.,  2012a; 
Longhitano et al., 2012d, 2014; Longhitano & Chiarella, 
2020). This sandy succession overlies Middle- Upper 
(?) Pliocene claystone/sandstone deposits over an un-
conformity, which grades into a conformity within the 
deepest parts of the basin. Laterally and vertically, the 
tidally- dominated sandy deposits grade into highly bio-
turbated fine- grained sandstone and siltstones (Figure 3) 
with a total thickness of 60 m.

The studied succession includes both two- dimensional 
(2D) and three- dimensional (3D) cross- strata dominated 
by siliciclastic material and supplemented by a subor-
dinate amount of bioclasts (Chiarella,  2011; Chiarella 
et  al.,  2012a; Longhitano et  al.,  2014). The deposits are 
characterised by extensive erosional surfaces bounding 
the main cross- strata sets, the latter ranging from 1 up to 
6 m in thickness (Figure 2B). Beds form simple and com-
pound tidal cross- strata, interpreted as the building blocks 
of larger tidal dunes. Internally, cross- strata include 
tidal bundles of neap/spring and semi- diurnal duration 
(Longhitano, 2011; Longhitano et al., 2014; Longhitano & 
Chiarella, 2020).

3.1.1 | Facies heterogeneities and main 
bounding surfaces

Four main facies have been detected in this succession 
having complex lateral and vertical relationships. (i) 
Basal gravel/shell lags occur as erosionally- based, discon-
tinuous layers of scattered or clustered polymictic grav-
els with clasts up to 0.5 m in diameter, passing laterally 
into densely packed shell beds, 0.5–1 m thick. The deposit 

consists of abundant articulated organisms in both life po-
sition and as shell lags, including skeletal assemblages of 
mollusc associations (up to 10% of the total volume) mixed 
up with gravel- size polymictic clasts. (ii) The overlying 
cross- strata sets form a sandbody up to 15 m thick, whose 
original lenticular or dune shape is locally still recognis-
able (Figure 4A). It includes vertically- stacked 2D and 3D 
smaller cross- strata, up to 1.5 m thick. (iii) The 3D cross- 
strata consist of moderately sorted coarse to very- coarse 
sand with dispersed granules and small pebbles, organ-
ised into concave- based lenticular bedsets 1 to 7 m thick. 
The main bounding surfaces have generally concave- up 
geometries (Figure 4B,C). Internally, foresets show both 
angular and tangential geometries with NNW- SSE pal-
aeocurrents (Chiarella, 2011, 2016; Chiarella et al., 2012a; 
Longhitano et al., 2014; Chiarella & Gioia, 2021). Foreset 
laminae display grain- size contrasts of granule- size and 
sand- size clasts. The bioclastic content (ca 25%) consists of 
bryozoans, echinoids, molluscs and a variable percentage 
of foraminifera. Upwards, these sediments evolve to (iv) 
2D cross- strata composed of medium to coarse- grained 
sand with rare granules and less abundant bioclasts (ca 
10%). Strata have a tabular geometry with bed thick-
ness ranging from 1 up to 6 m (Figure  4D). Internally, 
cross- strata show simple and compound architecture 
(cf. Dalrymple, 1984; Dalrymple & Rhodes, 1995). Local 
discontinuity surfaces bound smaller, ripple- scale strata 
which, in turn, are characterised by internal third- order 
discontinuity surfaces, interpreted as pause (or reactiva-
tion) planes (Figure 4E). The 3D and 2D tidal cross- strata 
pass laterally and upwards to (v) bioturbated sandstone 
and siltstone. This facies consists of very- fine to fine sand 
organised into thinly- bedded rippled strata, alternating 
with faintly- laminated siltstone strata. Primary structures 
are difficult to detect because of the very intense homog-
enisation exerted by a pervasive bioturbation. Upwards, 
this facies shows a monotonous, intensively bioturbated 
succession.

3.1.2 | Depositional processes and 
environments

Sedimentary facies recognised in the Catanzaro strait- 
fill succession record a tide- dominated subaqueous 
setting of a narrow passageway linking two adjacent 

F I G U R E  2  (A) Geological sketch of the Catanzaro area (modified from Chiarella, 2011) and (B) general stratigraphy of its Miocene- 
to- Quaternary sedimentary infill, including siliciclastic tidalite- bearing sandstones. (C) Geological map of the Apulian Carbonate Platform 
(modified from Spalluto, 2012) and (D) stratigraphic column of the Albian- Cenomanian succession (Calcare di Bari Fm) containing the 
carbonate tidalites described in this study. (E) Geological map of the Acerenza palaeobay in the Southern Apennine (modified, from 
Chiarella et al., 2012b) and (F) general basin stratigraphy showing the mixed tidalites studied in the present work.
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basins. Virtually continuous exchanges of marine wa-
ters between the two interconnected seas resulted in 
strong currents, flowing in two opposite directions 
and producing sediment transport and accumulation 
in different sectors of the strait. Gravel/shell lags are 

interpreted to be the result of an initial stage of high 
rates of bed- shear stress, exerted by currents flowing 
at their maximum velocity. As a result, energetic tidal 
flows are here capable of accumulating coarse- grained 
deposits, transporting in suspension (and/or saltation) 

F I G U R E  3  Hierarchies of sediment bodies and associated bounding surfaces in the lower Pleistocene Catanzaro strait- fill siliciclastic 
succession. (A) Basin- scale model (note the transgressive vertical trend). (B) Outcrop- scale facies association of the siliciclastic tidal cross- 
strata filling the strait, showing the vertical transition from 3D to 2D tidal bedforms, and to offshore mudstone. (C) Main tidal and non- tidal 
facies recognised in the studied succession with the percentage of relative occurrence.
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sand and mud- size sediments (Longhitano & Chiarella, 
2020). This stage is known to characterise straits in their 
narrowest depositional zone (the ‘strait- centre zone’, cf. 
Longhitano, 2013). The overlying lithofacies indicates a 
significant change in the strait hydrodynamics, possibly 

due to a phase of relative sea- level rise (Chiarella, 2011; 
Longhitano et  al.,  2012d, 2014; Longhitano  2013; 
Longhitano & Chiarella, 2020). At the beginning of the 
transgression, 3D tidal dunes migrated throughout the 
ca 3–4 km wide and ca 30 km long, WNW- ESE- oriented 

F I G U R E  4  Outcrop exposure of the lower Pleistocene siliciclastic tidalites in the Catanzaro Strait. (A) Large- scale tidal compound cross- 
strata overlain by offshore mudstone. The bedform is about 18 m thick and is internally composed of forward- stacked, westward- migrating 
(arrow) 2D cross- strata. Palaeocurrents are 2D at basinal scale. (B) 3D tidal cross- strata and (C) detail of their internal heterogeneity (note 
the main discontinuity surfaces of erosional and depositional nature). (D) Vertically- stacked, 2D tidal cross- strata migrating toward the left 
of the photograph. (E) Detail from the previous outcrop showing internal reactivation surfaces and neap/spring (N/S) tidal cycles.
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8 |   CHIARELLA et al.

Catanzaro Strait, due to the continuous tidal circulation 
amplified through the basin and flowing in semi- diurnal 
phase opposition. As the intermediate phase of relative 
sea- level rise enlarged the strait width, the tidal current 
strength decreased because it was flowing in a wider 
cross- sectional area. The progressive reduction of the 
bed shear stress modified 3D tidal dunes into an exten-
sive 2D bedform field. At the end of the transgression, 
the further widening of the Catanzaro Strait into an ap-
proximately 10–12 km wide marine passageway changed 
the tidally- dominated strait into a non- tidal open shelf 
(Chiarella et al., 2012a; Longhitano et al., 2014).

3.2 | Carbonate tidalites of the Apulia 
Platform

The Albian (p.p.)- upper Cenomanian stratigraphic succes-
sion of the Apulia Carbonate Platform (Figure 2C) is com-
posed of an over 400 m thick sequence of shallow- water 
carbonates in the northern Murge area (Spalluto,  2012; 
Figure 2D). This succession mostly consists of vertically- 
stacked, tabular beds (Figure 5) as a result of the continued 
aggradation of shallow- water limestones in a subsiding 
area located along a mature passive margin (Ricchetti 
et al., 1988).

Despite its relatively simple architecture and monot-
onous facies tract, the vertical succession of these facies 
changed through time, showing a predominantly cyclic 
pattern of depositional and diagenetic features, both at 
bed and bedset scales (Spalluto et al., 2008; Spalluto, 2012). 
The occurrence of such sequences (comparable to 4th or 
5th- order parasequences or simple sequences sensu Vail 
et  al.,  1991) is a very common and repetitive feature of 
shallow- water carbonates formed in peritidal environ-
ments (see Strasser et al., 1999).

3.2.1 | Facies heterogeneities and main 
bounding surfaces

The most abundant facies association recognised within 
the Cretaceous carbonate peritidal succession consists 
of mud- supported microfossiliferous limestones forming 
‘layer- cake’ tabular beds whose general thickness ranges 
from a few decimetres to about 1.5 m. Four main facies 
have been described in this succession. At the bed scale, 
facies stack in peritidal cycles showing, from bottom to 
top, the following features (Figure 5B,C): (i) a few milli-
metres to a few centimetres thick basal intraclast- bearing 
deposits; (ii) ca 30–50 cm thick miliolid- ostracod- algal 
wackestones/packstones, consisting of intensely bur-
rowed biopeloidal limestones showing a reduced diversity 

in benthonic organisms but commonly with a high num-
ber of individuals; (iii) ca 5–30 cm thick pelleted lime 
mudstones and wackestones, including sparse, small, 
thin- shelled ostracods, miliolids and gastropods, highly 
homogenised by burrowing; (iv) ca 5–30 cm thick fenes-
tral wackestones/packstones (Figure 6A) or stromatolitic 
bindstones (Figure 6B) with peloids, micritic intraclasts, 
grapestones, mollusc fragments, small miliolids, tufts of 
porostromate cyanobacteria, Thaumatoporella sp. and 
ostracods. Internally, millimetre to centimetre- sized 
fenestral cavities (birdseyes) occur, forming laminoid or 
irregularly distributed spheroidal spar- filled voids which 
are often associated with microbial bindstones. Larger 
openings also occur, forming a dense network of irregu-
larly shaped voids (stromatactoid fabric) locally filled with 
fine- grained geopetal sediments. The upper part of this fa-
cies also shows diffused mud cracks and/or a dense net-
work of root traces (Figure 6C).

The above- described peritidal cycle represents the 
smallest recognisable facies sequence, or elementary se-
quence (sensu Strasser et al., 1999), capped by a disconti-
nuity surface that frequently corresponds to a bed surface. 
The lateral continuity of such discontinuity surfaces is 
from several tens of metres to few hundreds of metres. The 
occurrence of fenestral limestones, microbial bindstones 
and root traces marks the discontinuity surface in the field.

At the bedset scale, elementary sequences are bun-
dled in small- scale and medium- scale sequences (sensu 
Strasser et al., 1999). Small- scale sequences are composed 
of three to five elementary sequences, whereas medium- 
scale sequences are composed of three to four small- scale 
sequences (Spalluto, 2012). These sequences are bounded 
by discontinuity surfaces having a lateral continuity from 
several hundreds of metres to a few kilometres and, usually, 
exceed the lateral continuity of the outcrops. The occur-
rence of mud cracks and intraclastic flat- pebble intraclasts, 
large- sized dissolution fenestrae and pervasive burrowing 
by root traces mark these discontinuity surfaces in the field.

Locally, several elementary sequences are com-
pletely brecciated and form closely- spaced condensed 
stratigraphic intervals several kilometres in lateral 
extent. These intervals are bounded by the most rele-
vant and laterally continuous discontinuity surfaces 
(Figure 6D). Intraclastic breccias are arranged in dense, 
grain- supported assemblages and form layers in which 
two parts with a different degree of cementation can 
be distinguished (Figure  6E). The lower part is chalky 
and intraclasts are embedded in a greenish or light 
brown silty- clayey matrix forming sheet- like horizons. 
Intraclast reworking is absent. This grades downwards 
into the underlying rock through a transition zone, 
showing strong evidence of in- situ alteration and brec-
ciation. The upper part consists of intraclasts dominated 
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   | 9CHIARELLA et al.

by black pebbles which are locally grouped into dark 
layers that are mostly concentrated at the top of this 
well- cemented interval. The matrix is commonly made 
up of clotted peloidal microcrystalline calcite. Root casts 
filled by dark micrite, cylindrical to irregular pores filled 
by sparite and circum- granular cracks also occur.

3.2.2 | Depositional processes and 
environments

Facies interpretation obtained from the studied succes-
sion suggests that basal intraclast- bearing deposits rep-
resent early transgressive reworked lags. The overlying 

F I G U R E  5  Hierarchies of sediment bodies in the Cretaceous Apulian Platform carbonate tidalites. (A) Basin- scale model (after 
Spalluto, 2012). (B) Outcrop- scale facies association of the carbonate deposits accumulated on a tidal flat. (C) Main facies recognised in the 
studied succession and relative occurrence expressed in percentages.
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10 |   CHIARELLA et al.

association of miliolid- ostracod- algal wackestones/pack-
stones, pelleted lime mudstones/wackestones and fenes-
tral wackestones/packstones record the vertical stacking 
of subtidal, lower intertidal and upper intertidal/lower su-
pratidal environments respectively. The presence of black 

pebbles confirms this interpretation since they are consid-
ered as important markers for partial or complete suba-
erial exposure (Strasser & Davaud,  1983; Flügel,  2004) 
and frequently occur in supratidal carbonates (Esteban & 
Klappa, 1983).

F I G U R E  6  Outcrop exposure of the Cretaceous carbonate peritidal deposits in the Murge area. (A) Detail of the top of small- scale 
peritidal sequence. (B) Intertidal stromatolitic limestones showing the occurrence of desiccation features (mudcracks) in the upper part. 
(C) Detail of the upper part of a peritidal small- scale sequence showing a dense network of root traces developed in upper intertidal/lower 
supratidal environment. (D) Outcrop- scale peritidal cycles bounded by brecciated palaeosols. (E) Detail of the top of brecciated palaeosols 
showing grain- supported breccia layers, including black pebbles in the upper part.
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   | 11CHIARELLA et al.

According to Shinn  (1983), low- energy and semi- 
restricted shallow coastal area experienced the influence 
of semi- diurnal tidal cycles, which were responsible for 
short- lived exposure surfaces and the accompanying des-
iccation and incipient pedogenesis of the underlying car-
bonate tidalites. However, in this setting the tides alone 
are too small to have a significant effect on sediment 
deposition (Pratt, 2010). Therefore, tidal- influenced struc-
tures in peritidal carbonates have only been described 
at lamina- scale in microbial intertidal deposits (e.g. the 
millimetre- thick laminae of stromatolites) where they 
contribute to the trapping and binding of carbonate grains 
(Suarez- Gonzalez et al., 2014).

Peritidal carbonates reveal a hierarchical organisa-
tion in depositional sequences that is a recurrent feature 
described for several ancient carbonate platforms devel-
oped in greenhouse worlds (Strasser,  2018). Elementary, 
small- scale and medium- scale sequences found in the 
studied section are bounded by well- developed disconti-
nuity surfaces. These surfaces form when vertical abrupt 
facies change and/or diagenetic contrast occur (Clari 
et al., 1995) and record short- lived interruption of carbon-
ate sedimentation with hiatuses below biostratigraphic 
resolution (Hillgärtner, 1998). These latter features mostly 
form in supratidal environments even if some sequences 
may develop completely in fully subtidal conditions 
(Spalluto,  2012). Elementary sequences showing supra-
tidal exposure often lack intertidal facies. In this case, 
typical features indicating supratidal exposure (e.g. root 
traces, brecciation and desiccation polygons) directly lie 
above restricted, mud- supported, shallow- subtidal depos-
its. The lack of intertidal facies often observed in peritidal 
sequences is attributed to subaerial exposure during the 
sea- level fall episodes, incomplete filling of the available 
accommodation space or deep pedogenetic alteration into 
the overlying palaeosols (Strasser, 1991).

Several lines of evidence seem to suggest that the perit-
idal Cretaceous carbonates of Southern Italy had a hierar-
chical organisation controlled by Earth's orbital forcing in 
the Milankovitch frequency band (D'Argenio et al., 2008). 
As a result, discontinuity surfaces in such carbonates have 
a clear hierarchical organisation and reflect different du-
rations of subaerial exposure. Moreover, the development 
of major discontinuity surfaces at the top of a several me-
tres thick condensed brecciated interval indicates that 
Milankovitch cycles are superimposed on long- term sea- 
level fluctuations. Consequently, during long- term sea- 
level falls the peritidal area underwent a significant loss of 
accommodation that allowed the development of laterally 
continuous palaeosols. These discontinuity surfaces thus 
indicate major sedimentary gaps in carbonate deposition 
corresponding to 3rd order sequence boundary (Strasser 
et al., 2000; Spalluto, 2012).

3.3 | Mixed siliciclastic- bioclastic 
tidalites of the southern Apennine

The siliciclastic/bioclastic deposits of Acerenza (Figure 2E) 
represent the shallow- water bay- fill of a peripheral 
coastal area of a Middle- Upper Pliocene wedge- top basin 
(Chiarella, 2011; Chiarella et al., 2012b, 2019; Longhitano 
et al., 2021). Sediments consist of a compositional mixing 
(sensu Chiarella et al., 2017) of siliciclastic and bioclastic 
components. Several types of cross- stratification indicate 
that different hydrodynamic conditions acted simultane-
ously in such a sublittoral setting, including waves and 
tidal currents (Chiarella,  2011; Chiarella et  al.,  2012b; 
Chiarella & Longhitano, 2012). Mixed sediments form a 
ca 30 m thick succession (Figure 2F), composed of three 
vertically- stacked stratal units. Individual stratal units are 
5–15 m thick, show a shallowing- upward vertical facies 
succession and are separated by surfaces of marine flood-
ing or by angular unconformities that become conform-
able surfaces basinwards. The studied succession includes 
both 2D and 3D tidal cross- strata, exhibiting a mixture 
of siliciclastic and carbonate grains (Chiarella,  2011; 
Chiarella et al., 2012b). Internally, mixed sediments fre-
quently reveal bundles of well- segregated siliciclastic and 
bioclastic lamina- sets, diagnostic of mixed environments 
experiencing tidal influence (Longhitano, 2011; Chiarella 
& Longhitano, 2012; James et al., 2014).

3.3.1 | Facies heterogeneities and main 
bounding surfaces

Stratal units documented in the Acerenza section consist 
of a suite of several facies associations showing distinct 
degrees of heterolithic segregation between siliciclastic 
and bioclastic particles (Chiarella et al., 2012b; Chiarella 
& Longhitano, 2012). Each stratal unit (Figures 7A and 
8A) is characterised by a basal sharp surface, overlain 
by lags of gravel and densely packed skeletal assem-
blages of bivalve, bryozoan and echinoid remains, form-
ing 20–60 cm thick lenticular beds (Figures 7B and 8A). 
These deposits are overlain by a 1 m thick bioturbated 
coarse- grained interval, containing large Thalassinoides, 
Conichnus, Piscichnus, Skolithos and decimetre- scale, J- 
shaped burrows. This basal deposit passes upwards into 
three, vertically- stacked facies associations (Figure 8A). 
(i) The lowermost facies association includes 2D cross- 
strata of well- segregated particles (Figure 8B,C) and con-
sists of medium- grained to coarse- grained, well- rounded 
siliciclastic- bioclastic sand, organised into planar cross- 
strata sets up to 1 m thick. Cross- strata (2D dunes) are 
stacked into co- sets bounded by planar, locally erosional, 
surfaces. Discontinuity surfaces are generally horizontal 
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12 |   CHIARELLA et al.

and characterise bases and tops of single beds. Strata con-
sist of repeated bundles of well- segregated siliciclastic/
thicker and bioclastic/thinner lamina- sets (Chiarella & 

Longhitano, 2012; Figure 8C). Foresets show angular and 
tangential basal contacts with a slightly concave frontal 
profile. They are mainly unidirectional, although foresets 

F I G U R E  7  Hierarchies of sediment bodies in the lower- middle Pliocene Acerenza bay- fill mixed succession. (A) Reconstructed 
geological profile including the three stratal units (I, II and III) and recording a prograding coastal wedge (note the regressive vertical trend 
of each unit) (from Chiarella & Longhitano, 2012). (B) Outcrop- scale facies association of the tide- influenced mixed deposits showing the 
vertical transition from 2D to 3D dunes. (C) Main facies recognised in the studied succession and relative percentages.
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   | 13CHIARELLA et al.

F I G U R E  8  Outcrop exposure of the lower- middle Pliocene mixed tidalites in the Acerenza area. (A) Vertically- stacked mixed deposits 
showing the three stratal units (I, II and III) detected in the studied succession (from Chiarella & Longhitano, 2012). (B) 2D tidal cross- strata 
including neap/spring tidal cycles. Arrows point out the main discontinuity surfaces bounding cross- strata sets (C) Detail of foreset laminae 
forming semi- diurnal bundles of segregated bioclastic (b) and siliciclastic (s) intervals. Note the presence of bioclastic- rich ‘drapes’ bounding 
the base and the top of the cross- strata. (D) 3D cross- strata where mixed sediments show a moderate degree of heterolithic segregation. 
(E) Detail of internal heterogeneity of the previous facies. (F) Unsegregated mixed particles as observed in the topmost facies (coin used as 
scale in panels C, E and F is 2 cm in diameter).
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14 |   CHIARELLA et al.

facing the opposite direction also occur. Beds show scarce 
bioturbation.

These sediments pass upwards into an intermediate fa-
cies association, named (ii) 3D cross- strata of moderately- 
segregated particles (Figure 8D). The deposit consists of 
a mixture of medium to coarse- grained well- rounded si-
liciclastic sand admixed with bioclastic sands and gran-
ules. Sediments are organised into 3D cross- strata up 
to 80 cm thick. Bed bases are trough- shaped, forming 
elongated (elliptical) erosional scours filled by internal 
foreset strata (Figure 8D). Palaeocurrents are mostly uni-
directional. The two heterolithic fractions show a lower 
degree of segregation when compared to the underlying 
facies (Chiarella & Longhitano, 2012; Figure 8E). Trough 
cross- strata are sparsely bioturbated with a low trace- 
fossil abundance. The ichnogenera recognised includes 
Planolites and Skolithos (Chiarella et  al.,  2012b). The 
upper part of each stratal unit is represented by the fa-
cies association named (iii) cross- strata of non- segregated 
particles. It consists of unsegregated siliciclastic and 
bioclastic particles with an abundant bioclastic fraction 
(Chiarella & Longhitano,  2012; Figure  8F). Sediments 
include very coarse sand- size and granule- size particles, 
arranged into 5–30 cm thick layers wedging- out land-
wards and gently dipping seawards, often amalgamated. 
Cross- strata sets show swales characterised by both low- 
angle (generally up to 10°) erosional surfaces and internal 
stratification, approximately parallel to the basal surface. 
Swaley cross- stratification (Figure 8D) exhibits a moder-
ate degree of bioturbation related to the Planolites and 
Skolithos ichnogenera. Karstified beds are locally present 
showing vertical to sub- horizontal pipes forming irregular 
cylindrical cavities several decimetres in length (Chiarella 
& Longhitano, 2012).

In general, mixed deposits appear very well- cemented, 
except for stratigraphic bounding surfaces, which corre-
spond to recessive horizons in outcrop.

3.3.2 | Depositional processes and 
environments

In the Acerenza mixed succession, the observed facies as-
sociations and their stratigraphic arrangements suggest 
deposition in a sublittoral coastal embayment (Chiarella 
et al., 2012a, 2012b, 2019).

Gravel and shell pavements are interpreted as a trans-
gressive deposit following erosion and reworking of older 
sediments/rocks by ravinement processes. The overly-
ing 2D cross- strata indicate an offshore- transition set-
ting influenced by the action of traction currents in the 
lower flow regime and 2D flow conditions (Allen,  1968; 
Costello & Southard,  1981; Ashley,  1990; Southard & 

Boguchwal, 1990). The distinct segregation between silici-
clastic and bioclastic foreset laminae occurring within the 
same cross- sets and at different scales suggests that sedi-
ment accumulation was controlled by cyclical variations 
in current energy possibly generated by tides (Chiarella & 
Longhitano, 2012).

The overlying 3D cross- strata record the migration of 3D 
dunes produced by higher velocity, but unstable, currents 
when compared to the flows responsible for the accumu-
lation of the underlying 2D cross- strata. Flow instability is 
inferred by the frequent erosional scours separating indi-
vidual cross beds, suggesting continuous interplay of tidal 
currents with shoaling waves in an intermediate shoreface 
environment (Chiarella & Longhitano, 2012).

The uppermost facies association of cross- strata of 
non- segregated particles represents accumulation in re-
sponse to either strong oscillatory or combined unidi-
rectional flows of variable energy in an upper shoreface 
environment (Chiarella & Longhitano,  2012; Chiarella 
et  al.,  2012b). Contrary to the underlying facies associa-
tions where segregation is markedly present, in this de-
posit, dominating waves neutralised the effect of tidal 
currents, inhibiting heterolithic sorting of mixed grains 
and, instead, producing a chaotic mixture of siliciclastic 
and bioclastic fragments (Chiarella & Longhitano, 2012).

4  |  DISCUSSION

4.1 | Stratigraphic discontinuity 
surfaces in siliciclastic, carbonate and 
mixed siliciclastic- bioclastic tidalites: a 
qualitative assessment of their potential 
impact on fluid flow

In a reservoir characterisation framework, there are sim-
ilarities and differences between siliciclastic, carbonate 
and mixed tidalites, both in their depositional character-
istics and in the way in which they react to primary phys-
ical and chemical conditions which are crucial during 
subsequent, post- diagenesis fluid diffusion (Moore, 1989; 
Kupecz et  al.,  1997). For instance, high- energy versus 
low- energy tidal currents may generate terrigenous bed-
forms, which show overall similar architectures but, at 
close- up view, they may exhibit additional facies heter-
ogeneities that result in highly- varying rock properties 
for internal fluid flows. In carbonate tidalites, the effects 
of syn- diagenetic to post- diagenetic solution and recrys-
tallisation may greatly influence both sub- horizontal 
and sub- vertical permeability properties, especially in 
fine- grained, tabular carbonates. In mixed tidalites, the 
role of the heterolithic segregation between siliciclastic 
and bioclastic particles may result in different internal 
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   | 15CHIARELLA et al.

compartments with variable porosity and permeability 
properties.

These conditions, discussed in the following sections, 
are strongly influenced by the dimension (i.e. hierarchy 
scale), geometry and lateral continuity of the internal 
stratigraphic surfaces included in these three types of 
tidalites.

4.1.1 | High- energy versus low- energy 
siliciclastic tidalites

Siliciclastic tidalites are commonly composed of very 
well- sorted particles, because of the continuous process 
of sediment reworking by incoming and outgoing cur-
rents typified by discrete heterogeneities (layers) related 
to tidal cycles (Longhitano et al., 2012a). They also form 
heterolithic facies, due to the characteristic pulsation of 
the tidal energy that produces sandy deposits during high- 
energy phases and muddy interbeds during the lower- 
energy or slack- water phases of the tidal current (Reineck 
& Wunderlich, 1968; Reineck & Singh, 1980). This kind 
of stratigraphic architecture requires detailed and often 
complex numerical models at small to medium- scale to 
accurately represent the discrete lithofacies heterogene-
ity. These can be constructed using statistical techniques 
(Wen et al., 1998; Nordahl et al., 2005; Jackson et al., 2005; 
Ringrose et  al.,  2005; Nordahl & Ringrose,  2008). 
However, in many sub- tidal environments affected by 
high- energy tidal currents, mud is permanently kept in 
suspension with the resulting sedimentary deposit lack-
ing fine- grained fractions (Longhitano & Nemec,  2005; 
Dalrymple, 2010). This architecture differs markedly from 
what is recorded in ‘classical’ tidal dune foreset deposits 
characterised by sand- mud couplets, which is considered 
an important source of heterogeneity in sandstone res-
ervoirs (Weber, 1986; Weber & Van Geuns, 1990). Tidal 
cross- strata with tabular bounding surfaces form the el-
ementary building blocks of many sandy deposits that ac-
cumulate in paralic and shallow- marine environments, 
such as tidal flats, estuaries and tidal sand ridges (Davis 
& Dalrymple,  2012). In these settings, tidal dune fore-
sets, which can have 13–15% of mean porosity in subsur-
face reservoirs (Kupecz et al., 1997; Slatt, 2006; Messina 
et al., 2014), exhibit basal mud- rich bottomsets, often in-
cluding back- flow ripples, which can be important perme-
ability baffles if evaluated in a fluid- flow model (Massart 
et al., 2012). On the contrary, tidal foresets generated in 
higher- energy, marine settings, including tectonically- 
confined tidal straits (Longhitano,  2013), are generally 
characterised by no substantial grain- size changes be-
tween foreset and bottomset and a general lack of fine- 
grained sediment. Therefore, they represent sand bodies 

with better permeability properties and characterised by 
larger storage capacity, if compared to their lower- energy 
counterparts. However, in these tidal, mud- lacking de-
posits, pores can be greatly reduced during sediment 
compaction and early diagenesis, decreasing the fluid 
storage capacity of the bulk rock volume (Slatt,  2006). 
Consequently, fluids entrapped or migrating through the 
rock could have preferential pathways along discontinuity 
surfaces less affected by diagenetic cements.

A subsurface analogue for the siliciclastic tidalites pre-
sented in this paper is the Garn Formation (Kristine Field, 
North Sea; Quin et al., 2010). This sand- rich deposit, re-
cently interpreted as a series of tidal sand ridges separated 
by wave- worked littoral facies (Messina et al., 2014), forms 
semi- isolated sandstone cross- strata sets which consti-
tute up to 70% of the bulk formation thickness. The tidal 
sandstone ridges are encased in less permeable deposits 
and can be regarded as ‘highly anisotropic permeability 
mini- containers’. This anisotropy derives from a com-
plex combination of erosional and depositional surfaces 
that can increase the high permeability of such siliciclas-
tic reservoirs (Messina et al., 2014). The combination of 
the different orders of surfaces might explain the rapid 
decline of reservoir pressure and low recovery factor ob-
served during the appraisal stage of the prospect (Quin 
et al., 2010; Messina et al., 2014).

4.1.2 | The effects of solution and 
recrystallisation in peritidal carbonates

In peritidal carbonates, diagenetic processes may also 
generate an important reduction in primary porosity. 
Enos and Sawatsky (1981) documented the variable initial 
porosity of modern carbonate sediments (values ranging 
from 40 to 78%), and inferred that early diagenetic pro-
cesses are responsible for the significant loss of preburial 
porosity (ca 20%) in analogous facies of nearby Pleistocene 
rocks. Budd et  al.  (1993) estimated that pre- compaction 
meteoric cements account for 3 to 37% of the volume 
in grainstones. However, Halley and Beach  (1979) and 
Scholle and Halley (1985), based on studies of Holocene 
and Pleistocene sediments of Florida and the Bahamas, 
have claimed that porosity loss is slight during initial min-
eralogical stabilisation, but increases greatly during early 
cementation. Consequently, the main conduits for post- 
diagenetic fluid circulation are potentially concentrated in 
fault planes and fractures (when present) or, in the case 
of non- deformed rock volumes, in the main stratigraphic 
discontinuity surfaces.

Peritidal carbonate deposits, such as those docu-
mented in the Apulia Carbonate Platform, are mud- 
supported and have a low permeability since most pores 

 20554877, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dep2.307 by T

echnical U
niversity D

elft, W
iley O

nline L
ibrary on [21/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



16 |   CHIARELLA et al.

correspond to unconnected intraskeletal chambers of 
bioclasts (mostly benthonic foraminifers), fenestrae and 
framework porosity (Moore,  1989). As in siliciclastic 
tidalites, diagenetic processes may generate an import-
ant reduction in carbonate porosity (Mazzullo,  2004). 
Alternatively, porosity can be significantly increased 
because of solution, recrystallisation and tectonic frac-
turing. This study disregards the effects of faulting and 
fracturing in reservoir rocks and only the consequences 
of solution and recrystallisation in peritidal carbonates 
will be discussed.

The most favourable process producing secondary po-
rosity in peritidal carbonates is linked to relative sea- level 
drops that allow the exposure of carbonates to meteoric 
waters. Moreover, the establishment of a mixing water 
lens has been interpreted as a fundamental diagenetic 
modifier within both modern and ancient carbonate plat-
forms (Melim et al., 2002; Baceta et al., 2007). As a result, 
the secondary porosity preferentially develops close to 
small- scale discontinuity surfaces at the top of peritidal 
sequences. Moulds, vugs or caverns may form when car-
bonates are dissolved by groundwater. The leaching of car-
bonates can be fabric selective (i.e. affects only aragonitic 
carbonate grains) or pervasive (i.e. affects all rock con-
stituents and forms irregularly distributed vugs and cav-
erns). In such a context, tidal pumping and tide- controlled 
groundwater- table fluctuations are effective mechanisms 
of pore water flow and, consequently, may actively con-
tribute to decarbonation and to the growth of secondary 
porosity in peritidal carbonates during early diagenesis 
(Scholle & Ulmer- Scholle, 2003). Desiccation cracks and 
soil- forming processes also produce a significant textural 
change in peritidal carbonate facies. Clast- supported 
layers of intraclasts and black pebbles formed along dis-
continuity surfaces at the top of small- scale depositional 
sequences and palaeokarst breccias may affect reservoir 
porosity and may impart directional (sub- horizontal, pref-
erentially) permeability improving reservoir performance 
characteristics (Ahr, 2008).

Discontinuity surfaces can also have a strong impact 
on reservoir compartmentalisation depending on their lat-
eral extent and on the associated diagenesis of underlying 
rocks (Sattler et al., 2005).

An analogue oil field of the Apulia Cretaceous lime-
stones described in the present study is represented 
by the Rospo di Mare Field in the central Adriatic Sea. 
This reservoir, located at a depth of 1310 m beneath a 
thick Plio- Quaterrnary mudstone sequence (André & 
Doulcet,  1991), consists of Lower Cretaceous peritidal 
deposits, belonging to the Apulia Carbonate Platform 
and accumulated in a depositional framework very sim-
ilar to those of the coeval limestones presently exposed 
in the Murge area (see Figure 2C). The main oil reservoir 

is entrapped in secondary vugs and fractures enlarged by 
karstic dissolution after prolonged exposure of the plat-
form. The karstified zones mostly developed horizontally, 
along primary flat bounding surfaces. Consequently, the 
production chiefly occurs along sub- horizontal wells.

4.1.3 | The role of heterolithic segregation in 
mixed tidalites

Mixed deposits are formed of sediments having both an 
extrabasinal (e.g. epiclastic or terrigenous) and intrabasi-
nal (autochthonous to parautochthonous) component and 
more than 10% of their antithetic component (Chiarella 
& Longhitano, 2012; Chiarella et al., 2017). Similar to the 
high- energy siliciclastic tidal deposits described above, 
mixed tidalites of the Acerenza succession are generally 
mud- free. However, in mixed sediments, the lower den-
sity and platy shape of the bioclastic fraction play the same 
role as classical mud drapes in mud- rich siliciclastic tida-
lites (Longhitano,  2011; Chiarella & Longhitano,  2012). 
The hydraulic sorting exerted by tidally- modulated uni- 
directional currents is crucial for creating the resulting 
internal facies heterogeneities (Longhitano,  2011) and 
generates a ‘spatial’ distribution of the antithetic com-
ponents (siliciclastic and bioclastic) in a mixed deposit, 
defined by different degrees of heterolithic segregation 
or ‘segregation ratio’ (Chiarella & Longhitano,  2012). 
The heterolithic segregation results in a partitioning of 
reservoir facies forming siliciclastic and bioclastic- rich 
foreset laminae with compartmentalised properties (see 
Figure  8C). Such variations in lithological composition 
translate into differential diagenetic cementation within 
laminae, and ultimately, to intra- lamina permeability 
changes. Mixed sediments are subject to more rapid and 
extensive porosity loss if compared to ‘pure’ siliciclastic 
tidalites, owing to the abundant bioclastic content, part of 
which can be quickly dissolved and re- precipitated during 
early diagenesis (Mansurbeg et al., 2009; Feng et al., 2013).

The antithetic dominance of one fraction over the 
other, which is a function of the primary hydraulic action 
of heterolithic segregation in mixed sediments and of rela-
tive base- level changes (Chiarella, 2011; Longhitano, 2011; 
Chiarella & Longhitano,  2012; Chiarella et  al.,  2012a, 
2012b), can be observed in the studied section of Acerenza 
at different scales: (i) at strataset- scale, consisting of the 
progressive enrichment of bioclasts from the lowermost 
offshore- transition facies, upwards to the shoreface/
beachface facies; (ii) at the strata- scale, where bioclasts, 
can be highly concentrated in lags or drapes intercalated 
with planar cross- strata (Figure  8C) where, on the con-
trary, siliciclasts and bioclasts are more ‘balanced’ in their 
proportions and variously segregated; (iii) at lamina- scale, 

 20554877, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dep2.307 by T

echnical U
niversity D

elft, W
iley O

nline L
ibrary on [21/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



   | 17CHIARELLA et al.

where current- generated foresets show alternating 
bioclast- rich and siliciclast- rich tidal bundles.

These different facies characterised by such a hetero-
lithic grain segregation are always separated by bound-
ing surfaces (Figure  8B,D) which, generally, have a low 
cement content compared to the inter- surface bulk rock. 
Therefore, also in this case, depositional, erosional or 
pause planes may be the preferential conduits for fluid 
flow.

Although not always specifically described as ‘mixed 
deposits’, there are many case studies of reservoirs in-
cluding mixed siliciclastic- bioclastic tidalites. One of the 
best- known mixed reservoirs is the Albian Lower Sendji 
Formation (N'Kossa Field; Offshore Congo) interpreted 
as a tidally- influenced, shallow- marine interval (Wonham 
et al., 2010). In this system, siliciclastic- bioclastic depos-
its have very heterogeneous reservoir properties, which 
cause highly varying vertical flow permeability changes. 
In particular, bioclastic- rich lamina- scale layers identified 
from well cores represent barriers to vertical fluid flow 
(Wonham et al., 2010), thus representing an important el-
ement to be detected at lamina to strata- scale. Moreover, 
large- scale (seismic to sub- seismic- scale) regressive and 
maximum flooding surfaces were described as defined by 
0.5–5 m thick supratidal anhydritic- rich shale and tight 
micritic limestone deposits (Wonham et al., 2010). These 
extensive horizons work as barriers to vertical flow, caus-
ing rapid depletion of the main producing rock volumes 
and suggesting potentially more successful techniques of 
sub- horizontal hydrocarbon recovery.

4.2 | Scales of discontinuity surfaces and 
possible fluid pathways

The type of discontinuity surface bounding sediment bod-
ies is strictly scale- dependent (Figure  9). Physical pro-
cesses generating these surfaces have varying durations 
and magnitudes, which depend on the spatial scales at 
which they occur. For instance, to produce a discontinuity 
surface between two superimposed tidal bars, hundreds to 
thousands of years of tidal current interruption is required 
(e.g. the English Channel; Berné et al., 1988). On the con-
trary, similar discontinuities within a tidal bar may be gen-
erated by a sudden change in the dominant tidal current 
direction which occurs at shorter, monthly to annual, time 
scale (e.g. Cobequid Bay in the Bay of Fundy; Dalrymple 
et al., 1990). These two cases of discontinuities generated 
by processes acting at different temporal scale may result 
in surfaces with different properties. A long- lasting pro-
cess of erosion or sediment starvation is often associated 
with settling or chemical precipitation of residual mineral 
components dissolved in marine waters, such as iron, 

zinc, sulphide and other minerals (Morad et  al.,  2013). 
This may result in mineralised coatings covering the dis-
continuity with a consequent reduction in porosity and 
permeability once this surface is subsequently buried by 
younger sediments. A short- term process of interruption 
and reprise of sedimentation in dune- bedded subtidal de-
posits may result, instead, in ‘clean’ stratigraphic disconti-
nuities, becoming ideal planes for fluid- flow propagation, 
once preserved in a reservoir rock volume.

4.2.1 | Large (hectometre)- scale bounding 
surfaces

In strait- fill successions, large- scale, siliciclastic tidal 
cross- strata consist of sand sheets and sand ridges po-
tentially reaching many hectometres in length and some 
tens of metres in thickness (Leva- Lopez et  al., 2016; 
Chiarella et  al., 2020; Longhitano et  al., 2021). These 
lithosomes, which present architectural features similar 
to other tectonically- controlled current- dominated suc-
cessions (e.g. the Baronia Formation, Olariu et al., 2012; 
Garn Formation, Messina et  al.,  2014; Rogn Formation, 
Chiarella et al., 2017) might represent the main subsur-
face reservoir, as it can be vertically- stacked and separated 
by mud- rich or less- permeable finer- grained inter- bodies 
related to relative sea- level changes (Messina et al., 2014; 
Figure 9A). The main bounding surfaces are basal and top 
discontinuities often characterised by a sharp lithological 
contrast with the overlying fine- grained deposits. These 
surfaces represent a major activation or slowing of the 
tidal currents flowing throughout the strait, due to a sud-
den change in basin oceanography (Anastas et al., 2006). 
The 2D and 3D reconstruction of these surfaces is crucial, 
because they express the overall geometry and sediment 
volume of the tidal lithosomes and, consequently, the 
resulting reservoir capacity (Messina et al., 2014). In the 
Catanzaro Strait (Figures 4A and 9A), the first case study 
used here, these surfaces are represented by basal discon-
tinuities, often characterised by shell concentrations and 
mineralised pavements due to condensation or sediment 
starvation prior to sedimentation, and by topmost flat or 
undulating surfaces, which recorded the shape (lee to 
stoss profile) of large tidal bedforms at the moment of tidal 
current deactivation (Figure 9A).

In the peritidal limestones of the Apulia Carbonate 
Platform, large- scale sediment bodies are bounded by ca 
5 to 20 m thick amalgamated and/or karstified intervals, 
rather than by distinct surfaces (Figure 9B). Three main 
bounding intervals have been recognised in the studied 
succession, all related to prolonged subaerial exposure 
phases, which correspond to important gaps in carbonate 
sedimentation. The first two bounding intervals capped by 
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palaeosol, ca 5–10 m thick (Figures  2D and 6D) are the 
result of condensed elementary sequences during a third 
order long- term sea- level fall. The third bounding interval 
corresponds to a ca 15–20 m thick collapsed dolomitic brec-
cia (Figures 2D and 5A), which is interpreted as formed 
by pervasive meteoric dissolution of dolomitised beds. In 
this case, the record of small- scale depositional sequences 
was completely interrupted and the brecciation of dolo-
mitic beds occurred as a result of the collapse of karstic 
cavities formed during a prolonged, probably tectonically 
enhanced, subaerial exposure phase (Spalluto,  2012). In 
the mixed sublittoral deposits of Acerenza, lithosomes 
form up to 45 m thick prograding wedges, internally sub-
divided into three stratal units, each up to 15 m thick 
(Chiarella, 2011; Chiarella & Longhitano, 2012; Chiarella 
et al., 2012b). Stratal units are separated by surfaces of ma-
rine flooding or angular unconformities that become sur-
faces of conformity basinwards (Figure 9C). Above these 
basal discontinuities, porous and permeable transgressive 
lag deposits enhance the likelihood of lateral fluid motion 
(Devine, 1991; Posamentier, 2002). The topmost surfaces 
of these units can also be surfaces of subaerial exposure, 
often incised and karstified. Consequently, fluids migrat-
ing along these surfaces may be characterised by complex 
pathways, which depend on the nature of the younger fill 
and the morphology of the karstified discontinuity that, 
often, may result in discontinuous ‘pockets’ or clusters of 
porous material which may inhibit sub- horizontal fluid- 
flow propagation.

4.2.2 | Medium (decametre)- scale bounding 
surfaces

In the lower Pleistocene siliciclastic succession of the 
Catanzaro Strait, poorly- sorted coarse- grained sands, with 
abundant granules and pebbles form 3D tidal cross- strata. 
These deposits pass laterally and upwards into well- sorted, 

medium- grained to coarse- grained sand organised into 2D 
tidal cross- strata (Chiarella, 2011; Longhitano et al., 2012c, 
2012d). The uppermost interval consists of thinly- bedded, 
fine- grained sands evolving upwards into intensely- 
bioturbated silty- mudstones (Figure  9D). This vertically- 
stacked stratal pattern is interpreted as the response of the 
tidal strait to a virtually continuous decrease in the tidal cur-
rent strength through time, due to the progressive enlarge-
ment of the strait cross- sectional area as consequence of a 
major relative sea- level rise (Chiarella,  2011; Longhitano 
et al., 2012c, 2014; Longhitano, 2013). In this transgressive 
succession, two groups of discontinuities can be distin-
guished (Figure 9D). The lowermost stratigraphic interval 
includes the first group of bounding surfaces representing 
the bases and tops of each individual 3D tidal cross- strata. 
These surfaces are erosional planes with concave- up or 
spoon- shaped geometry forming a trough or festoon cross 
stratification (Figure  9D). Upwards, the second group of 
surfaces are flat/planar gently- inclined (down- current) 
discontinuities. These surfaces are basal to 2D tidal cross- 
strata, migrating in one dominant direction or bi- directional 
(Figure 9D). Both 2D and 3D tidal cross- strata, and relative 
strata- bounding discontinuities, are interpreted as the re-
sult of a virtually continuous process of bedform migration 
within a large subtidal dune field, including sinuous and 
straight- crested, 3D and 2D tidal dunes (Chiarella,  2011; 
Chiarella et al., 2012a; Longhitano et al., 2014; Longhitano 
& Chiarella, 2020). This dune- bedded stratigraphic interval 
is capped at the top by a 10–20 m thick interval of rippled 
fine- grained sandstones and mudstones, which represents 
a potential stratigraphic top- seal from a reservoir perspec-
tive. Due to their lithological contrast, the above- described 
discontinuity surfaces might provide major pathways for 
fluid circulation in a subsurface porous container with 
such decametre- scale stratigraphic architecture, if inter-
nal sandy deposits had undergone cementation inhibiting 
vertical permeability. Consequently, fluids may virtually 
propagate through complex conduits in the lowermost 

F I G U R E  9  Comparison panel between siliciclastic, carbonate and mixed siliciclastic- bioclastic tidalites according to three descending- 
scale orders of internal heterogeneities. Possible fluid pathways are displayed by red arrows. (Arrows size indicates the relative scale of 
the potential conduits). (A) Siliciclastic tidalites form large- scale bedforms, which can be separated by offshore mudstone intervals if 
entirely preserved in the sedimentary record. (B) Carbonate tidalites form laterally extensive lithosomes consisting of vertically- stacked 
tabular strata. (C) Mixed tidalites show wedge- shaped geometry at decametre scale. These lithosomes can be encased in offshore fine- 
grained deposits when entirely preserved from erosion. (D) Metre- scale heterogeneities in siliciclastic tidal dunes consist of geometrically 
complex bounding surfaces in the lowermost part that become planar in the lowermost part of the succession. (E) In carbonate tidalites, 
the main possible ways for fluid internal propagation are those bounding the tops of each cycle (subaerial exposure surfaces). (F) In mixed 
tidalites, medium- scale discontinuity surfaces have generally planar geometry in the lowermost part but evolve to concave- up surfaces in 
the lowermost part. Note that, at the very top of the succession, bioclastic- rich, re- cemented intervals possibly inhibit any internal fluid 
circulation. (G) At facies scale, tidal cross- strata in non- porous siliciclastic sandstone show two types of discontinuities: (i) undulated, sub- 
horizontal surfaces bounding each cross- strata and (ii) internal foreset discontinuities. (H) In carbonate intertidal stromatolitic bindstone, 
the best surfaces for fluid internal propagation are the topmost ones. (I) In well- segregated, mixed tidalites, the preferential surfaces for fluid 
migration are instead inclined planes between foresets, with a low amount of bioclastic fraction, whereas bioclastic- rich intervals or ‘drapes’ 
act as deflectors for fluid transmission. In all these metre- scale examples, fluids move preferentially in a sub- horizontal direction.
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trough cross- stratified interval, in both vertical and lateral 
directions if these surfaces have steep slopes. Within the 
overlying, planar cross- stratified interval, fluid pathways 
theoretically follow sub- horizontal or planar conduit sur-
faces, which favour the horizontal transfer of the bulk fluid 
volume. The vertical fluid migration is potentially prevented 
by the uppermost, low- permeability muddy interval, at this 
scale of observation.

In the Cretaceous peritidal limestones of the Apulia 
Carbonate Platform, the medium- scale bounding surfaces 
correspond to the top of small- scale and medium- scale se-
quences showing deeply penetrating meteoric diagenesis 
(Figure 9E). Usually, these sequences develop karstic solu-
tion cavities and/or calcrete horizons. The development of 
these surfaces is linked to relative fall in sea level that ex-
posed the platform for long enough to produce a deep di-
agenetic modification of peritidal carbonates in subaerial 
environments. According to many authors (see D'Argenio 
et al., 2004; Strasser et al., 1999), these bounding surfaces 
record the end of eccentricity cycles, either of short (ca 
100 kyr) or long (ca 400 kyr) duration.

The occurrence of mud cracks, breccia layers and 
early- diagenetic, solution- enlarged pores and fractures at 
the top of these sequences may significantly increase the 
porosity and permeability of tidal carbonates, although 
the late burial diagenesis may induce the opposite process 
by the precipitation of calcite cements, which partly or to-
tally occlude pores and fractures. Despite this, medium- 
scale discontinuity surfaces may potentially represent 
important conduits for fluids migrating in carbonate de-
posits formed in peritidal environments.

In the middle Pliocene mixed deposits of Acerenza, 
tidalites form well- segregated 2D cross- strata pass-
ing upwards to moderately- segregated 3D cross- strata 
(Chiarella, 2011; Chiarella & Longhitano, 2012; Chiarella 
et al., 2012b) (Figure 9E). This vertical facies trend is inter-
preted to be the result of transition from a tide- influenced 
to a wave- dominated, sublittoral environment due to a nor-
mal regression phase, with consequent upward- increasing 
bed shear stress (Chiarella & Longhitano,  2012). In this 
regressive sequence, the main bounding surfaces are 
grouped into two categories of discontinuities based on 
their distinctive geometries (Figure  9E). The lowermost 
surfaces bounding 2D cross- strata are generally flat and 
sub- horizontal, representing bed bottoms and tops. The 
uppermost surfaces consist of elongated elliptical ero-
sional scours bounding 3D cross- strata. This interval 
passes upwards into swaley cross- strata, characterised by 
the high carbonate fraction (bioclasts ca 80%) (Chiarella 
& Longhitano,  2012). In such a vertical sequence, fluid 
pathways might have sub- horizontal or planar conduits in 
the lowermost interval, with a preferential horizontal mi-
gration. Within the overlying interval, fluid migration may 

follow more complex conduits in both lateral and vertical 
directions (Figure  9E). For this reason, the main stratal 
surfaces might be the preferred possible conduits for flu-
ids migrating within the studied mixed tidalites.

4.2.3 | Small (metre)- scale bounding surfaces

Metre- scale bounding surfaces in tidalites are read-
ily detectable features in outcrop but can be difficult to 
disentangle in well core stratigraphic records. However, 
smaller- scale, microscopic characteristics also have an 
important role in affecting permeability and can be evalu-
ated to determine their effect on the intra- stratification 
heterogeneities that ultimately define fluid transmis-
sion in tidalites (Blatt et al., 1980; Chandler et al., 1989). 
Nevertheless, this scale of observation remains beyond the 
scope of this paper.

Siliciclastic tidal cross- strata documented in the 
Catanzaro Strait- fill deposits show a variety of internal, 
metre- scale discontinuity surfaces. Across a section par-
allel to the dominant sand transport, these surfaces are 
dune lee sides, where grain avalanching produce a for-
ward accretion of the bedform, and reactivation surfaces 
(Figure 9G). The overall geometry of these discontinuities 
is generally tabular, even though they may exhibit a con-
cave or complex shape in 3D tidal cross- strata dominantly 
inclined toward the major current direction.

In the Cretaceous Apulia carbonate tidalites, small- 
scale surfaces capable of internally conveying fluids 
(Figure  9H) are observable at the top of small- scale se-
quences including intertidal and supratidal environ-
ments. These surfaces show only ephemeral evidence of 
subaerial exposure. Usually, a few laminoid fenestrae a 
few millimetres in extent are the most common feature 
that characterise tidally- laminated dolomitic limestones 
lying immediately below these surfaces, as well as the oc-
currence of small mud cracks and other microkarstic fea-
tures observable only in thin section. According to many 
authors (D'Argenio et al., 1999, 2004; Strasser et al., 1999), 
these bounding surfaces may form at the end of orbital 
precession cycles (ca 20 kyr), preserving evidence of only 
short subaerial exposure periods. Usually, mud- supported 
tidal carbonates formed at the top of small- scale deposi-
tional sequences are not considered important conduits 
for fluid migration since they mostly develop unconnected 
pores, which are partially or completely filled by late cal-
cite cements. However, since diagenesis is not a one- way 
process, the replacement of micrite by dolomite crystals 
might significantly increase the porosity and permeability 
of these carbonates.

Small, metre- scale reservoir properties of mixed tidal 
cross- strata documented in the Acerenza palaeobay- fill 
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strata are strictly related to the antithetic percentage of 
siliciclastic and carbonate grains. In particular, (i) the 
heterolithic composition controls the final texture of the 
deposits, (ii) different grain shapes between siliciclastic 
(spherical) and bioclastic (platy) particles impacts the 
porosity (Payton et  al.,  2022b), (iii) changes in primary 
and secondary porosity are controlled by the occurrence 
of carbonate grains mixed with the siliciclastic grains 
(Mansurbeg et al., 2009; Feng et al., 2013). In the Acerenza 
cross- strata, tidally- modulated subaqueous water flows 
acted as the principal factor in segregating particles, sep-
arating coarser and lighter bioclastic grains from finer 
and heavier siliciclastic grains. This major mechanism, 
dominating the offshore- transition and lower shoreface 
environments, typically resulted in siliciclastic- bioclastic 
bundles within individual cross- strata (Longhitano, 2011; 
Chiarella & Longhitano,  2012; Chiarella et  al.,  2012b; 
Longhitano et al., 2012b). As it is common in pure silici-
clastic settings, this hydraulic sorting generates distinct 
lateral changes in grain size that ultimately produces sub- 
horizontal differences in reservoir potential. Hydraulic 
sorting results in a partitioning of the reservoir facies 
forming siliciclastic and bioclastic- rich foreset laminae 
with different properties. Such variations in grain com-
position are probably translated into differential dis-
solution and cementation within laminae, and finally, 
into lamina- scale permeability variations. Foresets act 
as mini- compartments separated by high- angle stratal 
truncations, textural differences and permeability baf-
fles (Messina & Nemec, 2006; Longhitano, 2011; Messina 
et  al.,  2014). In the mixed deposits of Acerenza, more 
cemented carbonate- rich laminae act as baffles to sub- 
horizontal fluid flows (Figure 9I). Cementation in mixed 
deposits is enhanced by the presence of abundant car-
bonate grains, which can act as source of carbonate ions 
and as nuclei for precipitation and growth of carbonate 
cement (Mansurberg et al., 2009).

4.3 | Reservoir heterogeneity in 
siliciclastics, carbonates and mixed 
tidalites

Many sedimentary reservoirs are characterised by a sig-
nificant loss of primary porosity due to their deep burial 
(Bjørlykke et al., 1986; Paxton et al., 2002), and resulting 
reduction of inter- granular pore spaces with depth (Halley 
& Schmoker, 1983). This condition is more frequent, for 
instance, in structureless or massive sandstone deposits 
(Meyer,  2002). However, if deposits are extremely tight, 
and sediments are organised into discontinuity- bounded 
lithosomes and/or strata, including internal planes of dif-
ferent scales (e.g. strata- sets, strata, laminae, etc.), these 

surfaces might work as preferential paths, balancing the 
effect of loss of primary porosity due to compaction.

Brandsæter et al. (2001) argued that the ratio between 
vertical and horizontal permeability (Kv/Kh ratio) is one 
of the most important parameters influencing fluid move-
ment in a sedimentary deposit. However, in tidal strata 
fluids have a dominant horizontal component if moving 
along the main bounding strata surfaces (Figure 10A,B), 
with a consequent Kh>>Kv (Massart et al., 2016a, 2016b). 
On the contrary, if bounding strata surfaces are occluded 
by cement or fine- grained sediment, discontinuity surfaces 
of lower hierarchical order are the preferential conduits 
(Jackson et al., 2005). Consequently, in both siliciclastic, 
carbonate and mixed tidal cross- strata, fluids move along 
internal foreset (conformable) surfaces, which might have 
angular or tangential geometry (Figure 8). Fluid transport 
still prevails along the horizontal, but with a minimal ver-
tical component (Kh>Kv) (Figure 10A).

In this framework, the dominance of uni- directional 
or bi- directional tidal cross- strata is of crucial importance. 
In uni- directional tidal cross- strata, fluids are expected 
to preferentially ‘climb’ foreset surfaces and migrate up- 
dip (as opposed to the tidal foreset dip). This condition 
may generate significant fluid motion in a particular di-
rection contrary to the original bedload transport. In bi- 
directional tidal cross- strata, the preferential pathway of 
fluid migration thus depends upon the dominant palae-
ocurrents or the thickness of the prevailing tidal foreset. 
Thus, the variation between vertical (ΔKv) and horizontal 
(ΔKh) permeability is strongly conditioned by the internal 
heterogeneity of the tidal cross- strata.

In peritidal carbonates, the subaerial or subaqueous 
origin of the main bounding surfaces, their lateral ex-
tent and the early diagenetic history of underlying perit-
idal limestones (see discussion in the previous sections) 
are key in their subsequent role for fluid movements 
(Eltom et  al.,  2020). After lithification, that surfaces 
originated in subtidal conditions become conduits along 
which the possible horizontal movement of fluids (Kh) 
is dominant to their vertical component (Kv), because 
of the prevalence of sub- horizontal flat- shaped geom-
etries. These planes are often opened (Figure  10B) be-
cause post- depositional desiccation and contraction can 
greatly reduce the volume of the carbonate mud favour-
ing the storage of significant amounts of fluids. In cases 
where surfaces originated in inter- tidal and supra- tidal 
environments, post- depositional subaerial exposure 
favoured carbonate mud desiccation and consequent 
cracking, which in section view appear as sub- vertical 
fractures. These fractures, associated with vertical bur-
rows, may link sub- horizontal surfaces acting as con-
nectors and favouring, at times, the vertical transfer of 
fluids (Figure 10B).
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F I G U R E  1 0  2D tidalite sections 
where the possible fluid pathways along 
internal discontinuities are hypothetically 
reconstructed with the estimation of 
the amount of sub- vertical (ΔSv) and 
sub- horizontal (ΔSh) movement. (A) In 
siliciclastic tidal cross- strata, fluids may 
migrate along the main bounding strata 
surfaces, following mainly sub- horizontal 
pathways (A to A′ and B to B′). In these 
cases, the horizontal permeability (Kh) 
can be considered slightly larger than 
vertical permeability (Kv). Alternatively, 
internal foreset surfaces may deflect 
fluid migration, with a low amount of 
sub- vertical movement. (B) Carbonate 
tidal flat facies allow preferential sub- 
horizontal fluid migration along the main 
bounding strata surfaces (A to A′), except 
in case of presence sub- vertical burrows 
or fractures which, acting as vertical 
conduits, enhance locally Kv (B to B′ 
and C to C′). (C) In mixed tidal cross- 
strata, where the internal heterolithic 
segregation separates bioclastic—from 
siliciclastic- rich intervals, fluids can 
migrate sub- horizontally (A to A′) along 
the main strata surfaces. In case of the 
presence of bioclastic baffles, fluids 
propagate along siliciclastic- rich foreset 
surfaces. In both conditions Kh is always 
greater than Kv.
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Mixed siliciclastic- bioclastic cross stratified sand-
stones have very similar internal stratal architecture com-
pared to the siliciclastic tidalites described in this paper 
(Figure 10C). Fluid pathways can be predicted by recon-
structing the same geometrical relationships discussed 
for siliciclastic cross- strata. However, the presence of 
bioclastic- rich interstrata or drapes between cross- strata 
(Figure 8C) enhances the dominance of the sub- horizontal 
over the sub- vertical permeability (Figure 10C) (Kh>>Kv). 
This is due to the early cementation that bioclasts pro-
duce when concentrated in distinct layers, which result 
in sub- horizontal permeability baffles. Fluids are thus 
‘entrapped’ in such laterally- elongated compartments and 
can transfer to the uppermost strata only if these bioclas-
tic intervals have limited lateral extension or in the pres-
ence of sub- vertical (semi- opened) fractures and/or faults 
(Figure 10C).

Primary porosity can be significantly high (up to 20–
25%) in many tidal deposits although they are deeply bur-
ied (Meyer & Krause, 2001; Burton & Wood, 2011). In this 
case, either sub- horizontal or sub- vertical permeabilities 
are usually related to inter- granular primary porosity, but 
their vectorial component can be strongly conditioned if 
internal discontinuity surfaces occur, resulting in specific 
fluid flow pathways (Figure 11).

In siliciclastic, cross- stratified mud- free sandstones 
including foresets with tidal bundles (i.e. alternating 
coarse- grained and finer- grained lamina- sets), both 
sub- horizontal (Kh) and sub- vertical (Kv) permeabil-
ity result from the sum of the inter- granular pore trans-
missivity properties measured along coarse- grained and 

fine- grained intervals (Figure  11A). The resulting fluid 
flow derives from a combination of horizontal and verti-
cal porosity features, but its vector (i.e. space orientation) 
can be strongly conditioned by the orientation of the inter-
nal foreset conformity surfaces (Figure 11A). Even at this 
scale of observation, the resultant fluid pathways follow 
along the main discontinuities of a ‘surface- induced’ per-
meability (Figure 11A).

In tidal flat carbonates, Kh is always dominant over 
Kv (Figure  11B), except where the presence of vertical 
burrows, cracks or root traces may locally enhance fluid 
transmission upwards. However, supra- tidal and inter- 
tidal mudstones can also exhibit primary porosity, even 
though they are generally characterised by low values 
(Major & Holtz, 1997). Sub- horizontal bounding surfaces 
thus control the overall internal fluid pathways, whose 
vectorial component can be expected to have a dominant 
sub- horizontal direction but one influenced by subordi-
nate vertical deviation (Figure 11B).

In mixed siliciclastic- bioclastic tidal cross- strata, inter-
stratal bioclastic ‘drapes’ (usually representing permeabil-
ity baffles due to their early cementation), may control the 
resultant sub- surface permeability (Figure  11C). Foreset 
laminae can have very different internal porosity, due to 
their heterolithic component fractions, which result in 
highly- variable, inter- particle degrees of cementation. 
However, foreset conformity surfaces may provide the pri-
mary internal fluid flow paths, which might subsequently 
be deflected by bioclastic seals (Figure 11C). Therefore, in 
mixed siliciclastic- bioclastic reservoirs, fluids are forced 
to flow with a dominant sub- horizontal direction, but one 

F I G U R E  1 1  Surface- based models predicted for siliciclastic, and mixed tidal deposits in case of significant primary porosity. (A) In 
cross- stratified tidal sandstones, both sub- horizontal and sub- vertical permeability result from the sum of the porosity evaluated through 
coarse-  and fine- grained lamina- sets (tidal bundles). However, the preferential direction for internal fluids is conditioned by the inclined 
conformity surfaces forming tidal foreset. The ‘surface- induced’ permeability has thus a vector of propagation parallel to the master surfaces. 
(B) Carbonate tidalites have a dominant sub- horizontal permeability deriving from the lateral extension of the flat sub- horizontal master 
surfaces. However, internal porosity may favour subordinate vertical fluid movement, influencing the resultant space orientation of the total 
permeability. (C) In mixed tidal cross- strata, fluids move both sub- horizontally and sub- vertically in case of relevant porosity. However, 
bioclastic drapes, usually occupying the top of the cross- strata (see Figure 8C), work as permeability baffles, influencing the final ‘surface- 
induced’ porosity.
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which is strongly influenced by the geometry and orienta-
tion of local bioclastic- rich intervals.

5  |  CONCLUSIONS

Tidalites documented in siliciclastic, carbonate and mixed 
siliciclastic- bioclastic deposits from southern Italy were 
reviewed and compared, with the major aim to detect hier-
archies of bounding surfaces significant for internal fluid 
migration pathways. Although these ancient deposits ac-
cumulated in microtidal settings, the chosen examples re-
corded tide- dominated and tide- influenced environments 
in a tide- dominated palaeo- strait, a peritidal platform and 
in a tide- influenced palaeo- bay.

It is assumed that the considered examples of tidalites 
show internal textures that greatly reduced primary poros-
ity during compaction and after diagenesis, so that even-
tual propagating fluids or gas have preferential conduits 
along the main discontinuity surfaces, both erosional and 
depositional.

Stratigraphic surfaces were thus described according to 
their hierarchical orders of descendant dimension, from 
hectometre, to decametre, to metres- scale of observation.

In siliciclastic sandstone dune- bedded complexes de-
posited in a tidal strait, large- scale surfaces, which can 
have comparable dimensions to seismic- scale reflectors 
documented in similar successions, coincide with basal 
transgressive flat planes in which the concentration and 
mineralisation of the fossil remains, due to case hardening 
processes typical of long- lasting sediment starvation, inhibit 
fluid migration. On the contrary, the top surfaces of these 
tidal dunes, represented by a sharp lithological contrast with 
the overlying offshore mudstone, are undulatory planes 
ideal for sub- horizontal fluid transfer or entrapment. In par-
ticular, compound- dune crests lying in an analogue strati-
graphic setting, if thus adequately preserved by processes of 
post depositional erosion and/or draping by muddy depos-
its, are suggested to host mini- reservoirs or compartments 
that should be evaluated in similar subsurface settings.

Tidal flat carbonates exhibit large- scale surfaces con-
sisting of flat planes extending over hundreds of metres, 
along which fluid can be transferred horizontally, with 
limited vertical movement, except for the presence of local 
interconnections due to sub- vertical faults or fractures.

In bay- fill mixed deposits, basal surfaces are trans-
gressive horizons where, also for this example, fluid 
transmission can be inhibited because of the presence of 
well- cemented thick gravel/shell lags. On the contrary, 
surfaces related to subaerial exposures and incision offer 
complex planes for fluid migration, with the transmission 
rate depending upon the grain size and cementation of the 
overlying fill.

At medium scale, strait- filling lithosomes form 
deepening- upward, tens of metres thick strata- sets, in-
cluding 3D to 2D tidal cross- strata overlain by offshore 
mudstone. The main surfaces detectable at this scale are 
complex concave- up discontinuities in the lowermost 
part that evolves to sub- horizontal planes in the upper-
most part. Along these surfaces, fluids potentially migrate 
with horizontal directions predominant. In tidal flat car-
bonates, also at this scale, fluids are forced to move sub- 
horizontally, since discontinuity surfaces are located at 
the top of tabular peritidal sequences. In addition, the 
occurrence of brecciated palaeosols, mud cracks, vertical- 
oriented root traces and burrows also induces secondary 
vertical pathways for internal fluids, increasing greatly 
the eventual internal fluid pressure. Mixed, siliciclastic- 
bioclastic 8–15 m thick packages contain vertically- stacked 
2D to 3D cross- strata. This recurrent sequence is associ-
ated with an upward decrease in the degree of heterolithic 
segregation between siliciclastic and bioclastic particles 
and an increase in the carbonate content. Fluids migrat-
ing at this outcrop- scale in mixed tidalites may thus follow 
sub- horizontal pathways in the lowermost part, passing to 
complex sub- horizontal and vertical directions upwards. 
Fluid mobility may be inhibited in the uppermost part 
of these tidal sequences, due to ‘pavements’ of carbonate 
precipitates and consequent cementation, occluding pri-
mary depositional or erosional surface conduits.

Stratigraphic surfaces in siliciclastic tidal cross- strata 
considered at small (metre) scale mostly consist of in-
clined (foreset) planes, which can transmit fluids with the 
amount of sub- horizontal transfer exceeding the amount 
of sub- vertical movement. In carbonate tidal flat facies, 
sub- horizontal depositional surfaces are, also at this scale, 
preferential conduits, although vertical primary cracks, 
roots and burrows, can also favour vertical propagation of 
internal fluids. Mixed tidalites considered at centimetre- 
scale, show good horizontal transfer potential that can be 
reduced by the presence of internal permeability seals, 
due to local concentration of bioclast- rich drapes accumu-
lated during tidal slack- water stages.

In all three considered examples of this surface- based 
study on the reservoir potential of siliciclastic, carbonate 
and mixed tidalites, fluids may always have preferential 
sub- horizontal components of movement if transmitted 
through the main discontinuity surfaces of different scales 
or hierarchies. This condition may also be valid in case of 
significant primary porosity because internal discontinu-
ity planes favour a ‘surface- induced’ permeability.

Understanding the nature, geometry and possible 3D- 
extension of internal discontinuity surfaces in stratified 
sedimentary rocks is thus a key challenge to predict their 
sub- horizontal permeability Kh which, based on the con-
siderations presented in this study, might be two or three 
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orders of dimension greater than the sub- vertical perme-
ability Kv.
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