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ABSTRACT

Hiati of various duration in carbonates are commonly expressed as discontinuity
surfaces. The understanding of processes that form and affect these surfaces
leads to an improved sequence-stratigraphic interpretation, a reliable outcrop
correlation, and better models for reservoir compartmentalization. Various
intraformational discontinuities were analysed and interpreted in a well-
exposed study window, 2Æ5 km in lateral length and 60 m in height comprising
the Barremian-Aptian Qishn Formation (Haushi-Huqf area, central Oman). This
study focuses on the lateral extent and morphology of the surfaces, the
petrography of the underlying rocks, and the facies changes and geochemical
trends across these discontinuities. Furthermore, the lateral variability of
discontinuity surfaces was documented. Three genetic types of discontinuities
are differentiated: (i) erosion surfaces; (ii) omission surfaces (hard- and
firmgrounds); and (iii) composite surfaces with evidence for both subaerial
exposure and submarine boring. Field observations, combined with
petrographic and geochemical data, suggest that 17 surfaces are laterally
extensive for at least 20 km and record relative sea-level fluctuations of regional
scale. In contrast, a large number of laterally limited surfaces (<1 km) are related
to locally active processes such as waves and current erosion. The lateral
variability along extensive surfaces is the result of the depositional environment
below the discontinuity, the sea-floor topography, waves and currents and
differential erosion. Themost pronounced lateral variability is present along six
laterally extensive composite surfaces that record terrestrial exposure and
subsequent flooding of a tidal flat environment. This variability is caused by
spatial variability in the tidal flat environment, meteoric alteration and
differential erosion. This study emphasizes the spatial and temporal
complexity of processes that form and modify discontinuity surfaces. This
variabilitymust be kept inmindwhen interpretations and correlations are based
on one-dimensional sections or cores.

Keywords Carbonate platform, Cretaceous, discontinuity surface, Oman,
subaerial exposure.

INTRODUCTION

Discontinuity surfaces are surfaces in the sedi-
mentary record related to breaks in sedimentation
(Clari et al., 1995). In the Oman study area, this
includes omission surfaces (hardgrounds and
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firmgrounds), erosion surfaces and composite
surfaces that are penetrated by meteoric features
and borings. Heim (1924) first introduced the
term ‘discontinuity surfaces’, which was later
defined by Bromley (1975) as sedimentary breaks
which are ‘more minor in rank than disconform-
ities’. These surfaces are used as marker horizons
for the correlation of stratigraphic sections (e.g.
Kauffman et al., 1991; Immenhauser et al., 2000),
and as boundaries for depositional units in
sequence stratigraphy (e.g. Mitchum et al., 1977;
Sarg, 1988; Handford & Loucks, 1993 and refer-
ences therein). Furthermore, flow barriers or flow
conduits in petroleum reservoirs can develop
beneath discontinuity surfaces (Read & Horbury,
1994; Cander, 1995; Wagner et al., 1995). Numer-
ous authors have studied discontinuity surfaces
(e.g. Heim, 1924; Shinn, 1969; Bromley, 1975;
Marshall & Ashton, 1980; Riding & Wright, 1981;
Allan & Matthews, 1982; Wright, 1994; Clari
et al., 1995; Fouke et al., 1995; Hillgärtner,
1998; Immenhauser et al., 2000; Wilson & Taylor,
2001; Immenhauser & Scott, 2002), but little
research has yet been done to demonstrate how
characteristic features such as surface morphol-
ogy, petrography and facies change across a
discontinuity and geochemistry changes spatially
along the surface (lateral variability). Ignoring the
lateral variability of a discontinuity surface can
result in poor correlations of spatially separated
sections andmisinterpretations in sequence strati-
graphy (Kauffman et al., 1991). The impact a
given discontinuity surface can have on reservoir
compartmentalization strongly depends on its
lateral extent and lateral variability and on the
associated diagenesis of underlying rocks.
The purpose of this study was to describe and

interpret discontinuity surfaces and the under-
lying altered rock interval in terms of lateral
extent and morphology, petrography, geochemis-
try, facies change across the surface, and to assess
their lateral variability. Furthermore, the tem-
poral succession of processes that generate and
alter discontinuity surfaces and the underlying
strata is investigated.
The exceptionally well-exposed Barremian to

Lower Aptian Qishn Formation (corresponds to
the Shu’aiba and Kharaib Formations of Le
Metour et al., 1995 and Immenhauser et al.,
2004) at the Haushi-Huqf High of Oman
(referred to as ‘Huqf’) provides an ideal study
area, where numerous discontinuities can be
laterally traced and correlated across distances
of up to 21 km. The Qishn Formation is capped
by a regionally important unconformity (top-

Qishn unconformity) that represents a hiatus of
about 8 Myr duration or more. The focus of this
study, however, are smaller scale, intraforma-
tional discontinuity surfaces of the Qishn.
These are compared and correlated with the
same stratigraphic interval (the Shu’aiba Forma-
tion) at Jabal Madar, 170 km further to the north
(Fig. 1).

GEOLOGIC SETTING

Stratigraphic and geotectonic setting

Beydoun (1964) defined the Upper Barremian to
Lower Aptian Qishn Formation in South Ye-
men. The Qishn Formation of the Huqf area
corresponds to the (Lower) Shu’aiba and
(Upper) Kharaib Formations (including Hawar
member) at Jabal Madar, northern Oman (Im-
menhauser et al., 2004; Fig. 2). These forma-
tions are a major hydrocarbon reservoir in the
subsurface of the Middle East and have there-
fore been the subject of many previous studies
(refer to Alsharan & Nairn, 1997 or Hughes,
2000 for an overview). Except for two studies
(Montenat et al., 2003; Immenhauser et al.,
2004), no research has focused on the corres-
ponding stratigraphic interval in the Huqf area.
There, the Qishn Formation onlaps an approxi-
mately NE–SW trending structural high, the
‘Haushi-Huqf High’ (sensu Ries & Shackleton,
1990; Fig. 1A). The Barremian–Aptian deposi-
tional environment of the Qishn Formation was
a wide, locally restricted carbonate platform
covering the proximal shoulder of the Haushi-
Huqf High (Immenhauser et al., 2004). To the
north and west, the platform grades into the
deep shelf facies of the interior Oman Shu’aiba
basins that are connected northwards via the
Bab Basin (Van Buchem et al., 2002) to the
Tethyan Sea (Fig. 1B). Local structural highs,
such as saltdomes, complicate the overall basin
geometry (Immenhauser et al., 2004). The Qishn
Formation equivalent (Kharaib and Shu’aiba
Formations) at Jabal Madar, 170 km north of
the Huqf, is exposed due to salt doming. The
Kharaib and Shu’aiba Formations at Jabal Madar
are comprised of shallow-marine carbonates that
were deposited in closer vicinity to the Bab
Basin than the Qishn deposits (Fig. 1B). There-
fore, the facies succession at Jabal Madar is
bathymetrically comparable with that in the
Huqf area, but the environment is less restric-
ted.
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Sequence stratigraphic setting

Figure 3 provides an overview of the main depo-
sitional environments differentiated in the Qishn
Formation. Three major depositional sequences
were identified (Sequences II to IV on Fig. 4;
Immenhauser et al., 2004) that are deposited onto
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Fig. 2. Cretaceous chronostratigraphy of Oman. The
Qishn Formation in the Huqf area corresponds with the
Kharaib (including the Hawar member) and part of the
Shu’aiba Formations (marked in dark grey) of northern
Oman (modified after Immenhauser et al., 2004). Un-
conformities denoted in light grey.
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Fig. 1. (A) Geotectonic map of eastern Oman showing
the main structural elements the Huqf study area (ar-
row) and Jabal Madar (modified after Loosveld et al.,
1996 and Immenhauser et al., 2004). (B) Aptian palin-
spastic reconstruction of the eastern portions of the
Arabian Peninsula. The deeper shelf facies of the
Shu’aiba Basin and the Bab Intrashelf Basin are
superimposed on the shallow marine carbonate shelf
(modified after Hughes, 2000).
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the Jurf Formation (Sequence I, Fig. 4 this study
and Immenhauser et al., 2004). Sequence I is
comprised of a succession of dolomitized tidal
flat deposits. Sequence II is characterized by
shallow-marine, high-energy shoal deposits at
the base followed upsection by marly, deeper
platform sedimentary rocks and tidal flat deposits.
Lithosomes with in situ rudists were found
locally. High-energy shoals and tidal flat deposits
dominate Sequence III (Fig. 4). Sequence IV forms
the upper portions of the Qishn Formation. It
commences with tidal flat deposits that gradually
deepen into open lagoonal deposits at the base of
the sequence. The upper part of Sequence IV is
mainly composed of high-energy grainstones with
reworked Lithocodium/Bacinella oncoids. The
top-Qishn unconformity, capping Sequence IV,
is not preserved in the studied outcrops, but
exposed a few kilometres to the north. The top-
Qishn unconformity is indicated in the ‘AP8
sequence’ of the sequence stratigraphic framework
of the Arabian Plate by Sharland et al. (2001).
Further correlation with Sharland et al. (2001) is
problematic because Sharland et al. (2001) use
maximum flooding surfaces for correlation
whereas present work is based on exposure surfa-
ces, and has significantly higher spatial and
temporal resolution. For more detail on sequence
stratigraphy and regional sedimentology of the
Huqf area see Immenhauser et al. (2004).

METHODOLOGY AND TERMINOLOGY

Field observations

In the Huqf area, a 2Æ5 km wide and 60 m high
study window, oriented approximately parallel to
the Haushi-Huqf High and to the strike of palaeo-
facies belts, was selected. Here, discontinuity
surfaces were physically traced on the outcrop
between seven closely spaced sections. The mor-
phology, petrographic characteristics and facies
contrasts of these surfaces and how these features
change spatially was evaluated. Discontinuity
surfaces were classified according to their lateral
extent. Discontinuity surfaces laterally extending
throughout the study window were correlated
with Section S018 located 19 km southwards as
calculated from a topographic map (Fig. 4). In this
study, these regional surfaces are referred to as
‘laterally extensive’ discontinuities. In contrast,
surfaces with an extent >100 m and <1 km are
referred to as ‘laterally limited’. Additionally, 30
small-scale discontinuities with a lateral extent
<100 m were analysed and termed ‘laterally
limited’. Discontinuity surfaces observed in the
Huqf area were compared with those of the same
stratigraphic interval at Jabal Madar in northern
Oman. A correlation of Jabal Madar with the Huqf
is based on facies architecture, tidal-flat marker
intervals and discontinuity surfaces (Fig. 5).
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Fig. 3. Overview of palaeodepositional environment recorded in the Qishn Formation of the Huqf area. Numbers
relate to facies classification given in Fig. 5 (modified after Immenhauser et al., 2004).
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The key to abbreviations used for discontinuity
surfaces in the Huqf area (CS 1–6, ES 1–8, OS 1
and SE 1, 2) is given in Figs 4 and 5, where their
stratigraphic position is also indicated. Abbrevi-
ations used for discontinuity surfaces at Jabal
Madar (Ds A-I) are explained in Fig. 5.

Petrographic and geochemical studies

A total of 395 thin sections, collected from around
stratigraphic hiati, were studied using standard
light and cathodoluminescence microscopy for
microfacies and diagenetic overprint.
Bulk-micrite (263) and cement samples (71)were

analysed on a Finnigan 252 mass spectrometer
equipped with an automated carbonate extraction
line. Carbonate-cement powder samples were
obtained using a dental drill, or a MicroMillTM

Sampler. Samples (20 to 50 lg) were dissolved in
concentrated orthophosphoric acid at a tempera-
ture of 80"C. Repeated analyses of carbonate stand-
ards show a reproducibility of 0Æ08& for d18O and
0Æ05& ford13C.All results arepresentedaspartsper
thousand relative to the VPDB standard.

CHARACTERIZATION, LATERAL
EXTENT AND VARIABILITY OF
DISCONTINUITY SURFACES

Seventeen laterally extensive and 13 laterally
limited discontinuities are recognized within the
Qishn in the study area (Fig. 4). Additionally, 30
discontinuity surfaces of <100 m lateral extent
were analysed. From a genetic point of view,
three types of surfaces are differentiated: (i)
composite surfaces; (ii) omission surfaces; and
(iii) erosion surfaces.

Composite surfaces

The descriptive term ‘composite surface’ is used
here for six laterally extensive discontinuity
surfaces that record meteoric features (see
Discussion) and marine borings (CS 1–CS 6,
Fig. 4). Immenhauser et al. (2004) traced compos-
ite surfaces for 100 km in the Qishn Formation of
the Huqf area. Four of the composite surfaces
correspond to discontinuities at Jabal Madar,
170 km north of the Huqf area (Fig. 5).

Tidal flat deposits underlying composite
surfaces
Tidal flat deposits of the Qishn Formation are
laminated mudstones and wackestones that were

accumulated on a mud flat, or fine-grained pack-
stones and grainstones of a sand flat environment.
Peloids and milioliid foraminifera are the main
components in packstones and grainstones that
also contain smaller amounts of shell debris and
sponge spiculae. Three kinds of sediment rework-
ing are present: (i) diffuse mixing of different
sediment layers, resulting in a patchy texture
(Fig. 6A); (ii) in situ brecciation of sediment
layers below composite surfaces and channels
(Fig. 6B); and (iii) subvertical and horizontal
cracking of beds (Fig. 6A). Shallow, symmetric
tidal channels (Fig. 6C) have diameters ranging
from <1 m to 15 m. Massive mudstones and
wackestones with bird’s-eyes and circumgranular
cracks usually infill the channels.
Circumgranular cracks and bird’s-eye structures

are common in the tidal facies. Crystal silts geope-
tally infill a number of vugs, mouldic pores and
thin tubes (up to 5 mm in diameter) that penetrate
tidal flat deposits with varying density. These
tubes show downward bifurcation and are filled
with non-luminescent, blocky calcite of orange,
yellow or transparent color (Fig. 7A). Darker sedi-
mentary rock concentrically surrounds some
tubes. This sedimentary rock contains alveolar
textures (Esteban, 1974) below one discontinuity
(Fig. 7B and C). Several centimetres to 1 dm thick
voids are common in the tidal flats. Thinner voids
tend to surround and penetrate larger ones. The
diameter of voids decreases downward from the
composite surfaces and bedding planes (Fig. 7D,E
and F). In situ brecciation commonly accompanies
the voids. These tubes and voids are more abun-
dant in channel-fillings than they are on supratidal
flats, where polygonal mudcracks (Fig. 7G) and
tepees (Fig. 7H) are locally abundant.
Tidal flat deposits of the Huqf are interpreted as

closely spaced subenvironments with channels,
mudflats and sandflats.Milioliid-dominated fauna
as observed in the Huqf, are characteristic for
restricted or even hypersaline environments
(Geel, 2000). Different subenvironments result in
different types of sediment reworking: (i) burrow-
ing in soft, unconsolidated sediment in sub to
intertidal settings produces diffuse structures of
mixed sediment; (ii) desiccation on supratidal
flats results in polygonal mudcracks and in
horizontal and subvertical cracks locally re-
worked into in situ breccias during subsequent
flooding. Similar processes have been described
from modern supratidal settings (Kendall &
Warren, 1987).
Vugs and mouldic pores, filled with crystal silt,

are common in vadose conditions (vadose silts
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C

Fig. 6. Tidal flat environment.
(A) Upper part: diffuse mixing of
different sediment layers caused by
bioturbation of unconsolidated
sediment. Lower part: subvertically
and horizontally cracked beds
caused by desiccation of consolid-
ated sediment (section view).
(B) In situ brecciated or slightly
transported limestones, pointing to
early lithification, desiccation and
reworking on a tidal flat (section
view). (C) Symmetric, tidal channel
(marked by white, dashed line)
cutting into thinly bedded, lamin-
ated supratidal mudstones.
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sensu Dunham, 1969). Downward-bifurcating
thin tubes point to root activity in the terrestrial
or tidal flat environment (Klappa, 1980). Thick
voids surrounded by thinner voids have been
interpreted as enlarged, hierarchic root systems
comparable with Freytet & Plaziat’s (1982) pedo-
genetic pseudo-microkarst. Alternations of desic-
cation, rain, flooding and storms rework
sediment, enlarge root casts and fill them with
high-energy sediment. Several pulses of flooding
and storm activity alternate with several periods
of plant colonization in Freytet & Plaziat’s (1982)
model. Similarly in the Huqf, thinner root casts
penetrate enlarged, sediment-filled root casts, and
in situ breccias commonly accompany these
structures. The abundance of root casts increases
towards the top of the tidal flat-intervals.
In summary, tidal flat deposits below composite

surfaces of the Qishn Formation comprise numer-
ous subenvironments (from shallow subtidal to
intertidal to supratidal) with a predominance of
supratidal settings, evident from the numerous
supratidal features (bird’s-eyes, desiccation
cracks, tepees, abundant root casts).

Subtidal deposits above composite surfaces
Lagoonal deposits above composite surfaces are
bioturbated packstones and grainstones with a
diverse open-marine fauna comprising abundant
shell debris. Oyster fragments, echinoderms,
agglutinating and milioliid foraminifera are the
main components of these rocks. Corals, surroun-
ded by a matrix of lagoonal packstones and
grainstones, colonize two surfaces. Cross-bedded
grainstones and rudstones consisting of peloids,
reworked algal lumps and shell debris (mostly
rudist debris) overlie four composite surfaces.
Bedded oyster floatstones in a matrix of lagoonal
packstones were found locally on top of two
composite surfaces. All of these sedimentary
rocks are shallow subtidal deposits of an open
platform with high-energy shoals or protected
lagoons (Fig. 3). The investigated composite sur-
faces thus mark a distinct bathymetric shift from a
supratidal to a shallow subtidal environment.

Surface morphology and lateral variability
The morphology of composite surfaces changes
within tens of metres from a flat surface to an
irregular relief, to an erosive relief, and to a
pervasively bored hardground. These surfaces
can be impregnated by brownish iron oxides for
hundreds of meters. Three types of borings perfor-
ate composite surfaces: (i) Gastrochaenolites; (ii)
tube-shaped borings; and (iii) dense networks of

round chambers. Gastrochaenolites are clavate,
have a single entrance and a size of <1 cm in length
and the shape of lithophage bivalves. Lithophage
shells, however, are rarely preserved. The moulds
are commonly (geopetally) filled with deposits of
the same (lagoonal) facies as the overlying beds, or
occluded by cement (Fig. 8A). Tube-shaped bo-
rings often coexist with lithophage borings. The
tubes of 2–3 mm in diameter with a length <1 cm,
are often filled with sediment (as described for
Gastrochaenolites). Remains of the boring organ-
isms were not observed. Considering the shape of
the borings, worms are suggested as the producers.
Dense networks of small round chambers (1–2 mm
in diameter) penetrate discontinuity CS 4. The
chambers are connected by thin canals or coalesce
to bigger chambers that have geopetal fillings
(Fig. 8B). Sharp contacts with the surrounding
rock and the shape of the chambers suggest clionid
sponges as the producers (Bromley, 1996). Cross-
cutting relationships of borings and bored pebbles
resulting from reworking of previous hardgrounds
are present but rare. Composite surfaces show the
highest degree of lateral variability in the study
window, as demonstrated along surface CS 5
(Fig. 9).
At Section S001, discontinuity CS 5 has an

irregular relief truncating up to 50 cm into the
laminated strata below (Fig. 9A). Root casts,
abundant tube-shaped and minor Gastrochaeno-
lites borings penetrate the surface. Moderately
sorted, coarse grainstones mainly consisting of
oyster and rudist-shell debris, peloids, and mili-
oliid foraminifera fill the surfical relief, root casts
and borings. Grainstone components are the same
as those of floatstones, grainstones and rudstones
on top of CS 5. The lack of mud and coarse texture
of this facies indicates elevated water energy.
At Section S032, 1250 m north of Section S001,

the relief and large, sediment-filled root casts
found at Section S001 are absent. Instead, there is
a 30 cm thick erosive interval that is pervasively
bored at the top. Between two and seven gener-
ations of shallow, erosive depressions were
observed 50 m south and north of S032. Wacke-
stones with little shell debris (including ostra-
codes) or mudstones with initial glaebules fill
these depressions. Glaebules are spherical bodies
of 2 mm to 1 cm in diameter consisting of dense,
dark brown carbonate micrite with a light brown-
ish outer seam (Fig. 10A). Some glaebules are
connected to a coalescing mass, whereas others
are clearly isolated by cement-filled, circumgran-
ular cracks. Marine fossils, such as shell frag-
ments are rarely present within the spheres
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(Fig. 10A). Reworking and resedimentation of the
underlying strata is indicated by in situ or slightly
transported breccias that fill the lower portions of
the depressions. Desiccation cracks and small
root casts perforate surface CS 5 (Fig. 9B).
Eighty metres north of Section S032, CS 5

appears as a flat, sharply cut surface penetrated
by tube-shaped and Gastrochaenolites borings
(Fig. 9C). Locally, these borings have been
eroded. In the region around S034, CS 5 appears
in the field as a ‘regular’ bedding plane, meaning
a bedding plane which is not bored and is
without any features related to subaerial expo-
sure, but has an erosive relief (Fig. 4).

Omission surfaces

Discontinuities with borings, mineralization or
increased burrowing below the surface are termed
omission surfaces. Encrusting faunas were not
observed in the Huqf. Omission-related features
are also present, and in some cases even abundant
along erosion surfaces and composite surfaces
(Fig. 4). In the study window, there is only one
extensive omission surface (OS 1), whereas there
are 16 laterally limited discontinuities with evi-
dence for omission (Fig. 4).

Laterally limited omission surfaces
Laterally limited omission surfaces are slightly
mineralized bedding planes that can be traced for a
fewmeters only, or in some cases for up to 500 m in

the outcrop. Omission surfaces are commonly
sharp boundaries between different depositional
facies types. The intervals belowomission surfaces
are intensively bioturbated, but the abundance of
burrowing decreases laterally within a few tens of
meters. Some omission surfaces are locally perfor-
ated by tube-shaped and Gastrochaenolites bo-
rings. The majority of laterally limited omission
surfaces were observed in shallow lagoonal set-
tings (blue colours in Fig. 4).

Laterally extensive omission surface
OS 1 is an exceptional omission surface, inas-
much as it is a marker horizon with a lateral
extent of 21 km, and it has no lateral variability
(Figs 4 and 10C). The surface has an irregular,
wavy morphology and marks a bathymetric shift
from shallow lagoonal to marly, deeper platform
settings. A network of Thalassinoides burrows
perforates the discontinuity and a 3–4 dm thick
interval below. Thalassinoides burrows increase
in abundance towards the surface. Contacts
between burrows and surrounding sediments are
sharp, and burrow walls are frequently iron-
stained. Thalassinoides are filled with fine-
grained sedimentary rock, which clearly differs
from the surrounding limestone in grainsize and
colour, and is weathered out at the present
outcrop surface. Burrows, about 5 mm in diam-
eter, also perforate the sediment below OS 1.
These burrows do not truncate the discontinuity
and are filled with deposits similar to that of the

0·5 cm

A B

0·5 mm

p s

Fig. 8. (A) Gastrochaenolites borings penetrating composite surface and muddy sedimentary rock below. Borings are
filled with the same bioclastic packstones as occurs overtop (p), or with blocky spar (s). (B) Dense network of
geopetally filled clinoiid borings.

Fig. 7. Meteoric features. (A) Root cast, occluded by blocky calcite and surrounded by dark sediment with incipient
alveolar textures. (B): (A) under cathodoluminescence; (C) downward-bifurcating root cast filled with cement. (D)
Composite surface (white, dashed line) penetrated by sediment-filled thick root casts (arrow). (E) Tidal flat wacke-
stone (w) penetrated by root cast filled with grainstone (g). (F) Detail of 7E. Sediment-filled root cast is penetrated by
smaller root (r). Small root cast is lined by dog-tooth cement (arrow) and filled with carbonate mud. (G) Polygonal
mudcracks on top of tidal flat deposits. (H) Laminated tepee structures on a supratidal mudflat.
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surrounding sedimentary rock. OS 1 is stained
with brownish-red secondary iron oxides (goeth-
ite, limonite and siderite) that penetrate 10 cm
into the rock. Subrecent gypsum crusts are pre-
sent along the discontinuity.

Erosion surfaces

A small-scale erosional relief (Fig. 10B), trun-
cated burrows and reworking of underlying strata
indicate mechanical erosion along the majority of

discontinuity surfaces. These features are also
present along composite surfaces (Fig. 4), but
here the focus is on erosion surfaces without
any petrographic indication for subaerial expo-
sure. Apart from numerous laterally limited ero-
sion surfaces, eight laterally extensive surfaces
were observed (ES 1 to ES 8; Fig. 4).

Laterally limited erosion surfaces
Sequence IV consists of cross-bedded shoals of
well-washed grainstones, oncoids that resulted

0.5cm

B

C

A

Fig. 10. (A) Incipient glaebules formed by dense, dark micrite with a pale outer seam. (B) Small-scale relief, indi-
cating erosion. (C) Omission surface OS 1 (marked by black-dashed line). Increased bioturbation (open burrows)
beneath OS 1 and a sharp facies change across the surface indicate omission.
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from reworking of Lithocodium–Bacinella bind-
stones, and coarse-grained rudist fragments, indi-
cating wave-controlled, high-energy settings. Sets
of cross-bedded deposits truncate each other,
resulting in numerous erosion surfaces of very
limited lateral extent. These set and coset bound-
ing surfaces are not further considered here.
Apart from Sequence IV, abundant laterally

limited erosion surfaces truncate Sequence III,
producing a pattern of stacked, laterally discon-
tinuous, thin depositional units. Most of these
erosion surfaces are recognized in either inter-
tidal or high-energy settings. In contrast, there
are only few laterally limited erosion surfaces in
shallow lagoons (indicated with blue colours in
Fig. 4) and particularly scarce surfaces in pro-
tected low-energy settings. Laterally limited ero-
sion surfaces are absent in relatively deep
platform settings deposited below the reach of
storm waves (indicated with brown colours in
Fig. 4).

Laterally extensive erosion surfaces
Laterally extensive erosion surfaces truncate
strata deposited in different lagoonal, tidal flat
or high-energy palaeo-environments. Erosion sur-
faces are frequently located between strata of
lower hydrodynamics (below) and elevated en-
ergy (above, e.g. ES 7, Fig. 4). Shell lag deposits
that fill small erosive depressions are scarcely
present. Extensive erosion surfaces are laterally
uniform in their morphology and field expres-
sion. However, in intervals with stacked thin
depositional units (Sequence III), the facies below
and above erosion surfaces vary considerably (e.g.
ES 3, ES 4, Fig. 4). In contrast ES 1, 2, 6 and 7
have laterally invariable facies below and above
the erosion surface (Fig. 4). No angular uncon-
formities are recognized between pre- and post-
erosion strata in the Huqf.

GEOCHEMISTRY

Stratigraphic trends in d13C and d18O

Comparison of Huqf geochemical data with
northern Oman (Jabal Madar)
Bulk-micrite samples were collected from Section
S018 (upper Jurf and Qishn Formations) and from
the Kharaib and Shu’aiba Formations at Jabal
Madar (Fig. 5) in order to (i) evaluate geochemical
evidence for subaerial exposure; and (ii) correlate
the sections to the Aptian global chemostratigra-
phy (Fig. 5; e.g. Menegatti et al., 1998; Weissert

et al., 1998; Bralower et al., 1999; Jenkyns &
Wilson, 1999).
With reference to oxygen-isotope values, mean

bulk-micrite data from S018 and from Jabal Madar
are as low as )4Æ8& [n ¼ 138, standard deviation
(s) ¼ 1Æ5&] and )6Æ6& (n ¼ 99, s ¼ 1Æ7&), res-
pectively. Overall, an upward trend to lower
values is observed in Section S018 superimposed
by a number of smaller shifts to low values. The
same pattern is visible at Jabal Madar (northern
Oman) but here, amplitudes of superimposed
shifts are considerably higher (Fig. 5).
With respect to carbon-isotope data, two inter-

vals with low d13C values (corresponding to
Sequence I and portions of Sequence III in
Fig. 5) are present in Section S018
(d13C ¼ )1Æ6&, and )1Æ1&, respectively). Be-
tween Sequence I and Sequence III there is a
stratigraphic interval of 8 m with higher carbon-
isotope values (largely Sequence II in Fig. 5; mean
of 1Æ1&). Mean d13C from Section S018 are )0Æ8&
(n ¼ 138, s ¼ 1Æ5&), i.e. considerably low com-
pared with Jabal Madar data (d13C ¼ 1Æ7&,
n ¼ 99, s ¼ 1Æ4&). An exception is Sequence II,
characterized by mean values oscillating around
1Æ5& (s ¼ 1Æ3&, Fig. 5).
The upper portions of Sequence IV in Section

S018 (above ES 5, Fig. 5) are characterized by
irregular, 13C-depleted values around )3Æ8&. This
interval corresponds to tightly cemented, fully
lithified intervals forming the top of table moun-
tain exposures that have undergone pervasive
Holocene karstification (Immenhauser et al.,
2004). Therefore, this portion of the section and
the corresponding isotope data are not further
considered here.

Comparison of isotope data from different
carbonate phases
In Fig. 11A, micrite d13C and d18O from Section
S018 are compared with values from different
calcite cements and two bivalve shells (an oyster
and a rudist). Cement phases include fracture
fillings and non-luminescent, blocky calcites fill-
ing intergranular pores, borings, and meteoric
features. These later cements are here referred to
as ‘meteoric cements’. Meteoric features include
bird’s-eyes, root casts, sheet cracks, and circum-
granular cracks. Meteoric cement d13C and d18O
have a wide range compared with other cement
phases and micrites, but they generally display
the lowest values (Fig. 11A). Burrows, borings
and meteoric features are often infilled by sedi-
ments plotting in the same d13C and d18O field as
bulk micrites from S018 (Fig. 11B).
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Interpretation and discussion

In Section S018, two intervals with low d13C are
present (Sequences I and III, Fig. 5). A similar
pattern but with different absolute values was
observed at Jabal Madar (interval corresponding
with Sequence III, Fig. 5). Several mechanisms
can explain these low values but the quantification
of the effects of each individual factor is difficult.
First, Cretaceous sea water ‘ageing’ related to

long residence time of water masses in shallow,
poorly circulated settings such as documented for
the Qishn Formation (Immenhauser et al., 2004)
can result in low d13C. The process of sea water
ageing refers to the progressive uptake of increas-
ing amounts of 13C-depleted carbonate as the
result of oxidation of organic matter (see Discus-
sion in Patterson & Walter, 1994; Immenhauser
et al., 2003).
Second, numerous meteoric features (epikarst,

root casts, glaebules, alveolar structures) in
Sequences I and III point to repeated subaerial
exposure events within these intervals. Depletion
in 13C resulting from the input of isotopically
light soil-zone CO2 (e.g. Allan & Matthews, 1982;
Tucker & Wright, 1990; Joachimski, 1994; Immen-

hauser et al., 2002) might have further lowered
bulk micrite values in these intervals.
Third, d13C-fluctuations in Aptian global sea-

water geochemistry (Menegatti et al., 1998 and
references therein) might be recorded in the
carbon-curves in the Huqf and at Jabal Madar.
Based on the Cismon core data, Menegatti et al.
(1998) divided the Aptian d13C stratigraphy of the
Alpine Tethys into eight chemostratigraphic seg-
ments (C1–C8). The Selli event (OAE1a) is con-
tained in segments C4 through C6. The same
chemostratigraphic pattern was recognized from
the Aptian Shu’aiba Formation of the subsurface
of Oman (Vahrenkamp, 1996; see Discussion in
Immenhauser et al., 2005). Based on strontium-
isotope and biostratigraphic data from the Qishn
Formation, Immenhauser et al. (2004, 2005) con-
cluded that the segment C7, i.e. shift towards
higher d13C values above the Selli event, is
stratigraphically not reached in the Huqf. Stron-
tium-isotope and biostratigraphic data imply that
the pronounced shift to lower carbon values in
Sequence III of the Qishn Formation (Fig. 5)
correlates with the C3 segment of Menegatti et al.
(1998). The preservation of the C3 segment in the
Qishn Formation is, however, ambiguous because
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(lower portions) 
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Calcit cements :

Qishn Formation
(lower portions) 

Qishn Formation
altered by Holocene
meteoric diagenesis
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Fig. 11. (A) Comparison of bulk
micrite d13C and d18O from Section
S018 (grey field) with values from
different calcite cements and bi-
valve shells (oysters, rudists, black
symbols). Meteoric cement d13C and
d18O have a wide range compared
with other cement phases and
micrites, but they generally display
the lowest values. (B) Comparison of
bulk micrite d13C and d18O sampled
from within burrows, borings and
meteoric features (black symbols)
and bulk micrite from Section S018
(grey field). Both plot in the same
field.
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the sedimentary rock was deposited on a restric-
ted carbonate platform and altered by meteoric
diagenesis. The chemostratigraphic section on
Jabal Madar, however, is interpreted as strati-
graphically reaching segment C7 (Fig. 5).
Subsequent lithification in the burial environ-

ment mainly affects the oxygen isotopic record
(e.g. Banner & Hanson, 1990; Veizer et al., 1999),
and is not considered as a main controlling factor
for carbon isotope geochemistry. Regional evi-
dence clearly indicates that the burial depth of
the Qishn limestones was as shallow as 200 m
(±50 m, Immenhauser et al., 2004), as opposed to
the roughly 10 km of burial depth of coeval
stratigraphic units in the northern Oman Moun-
tains (e.g. Glennie et al., 1974; Immenhauser
et al., 2000). Jabal Madar, located at the edge of
the northern Oman allochthonous units has seen
intermediate burial depths. The shallow burial of
the Qishn Formation is here supported by the
conspicuous absence of burial cements in 395
thin sections that have been analysed with
standard and cathodoluminescence microscopy
and by the absence of stylolites. Clearly, this
implies that burial fluids were not a main
controlling factor of the Qishn Formation carbon-
ate geochemistry. The effects of Cretaceous mete-
oric diagenesis, however, have to be considered
when discussing d18O trends.
The oxygen-isotope values of Huqf micrites are

low compared with Middle Cretaceous open
oceanic sea water data from foraminifera or
aragonitic marine cements (e.g. Norris et al.,
2001; Pearson et al., 2001), but more comparable
to relatively ‘light’ coastal marine seawater values
from pristine low-Mg calcite rudist shells (d18O
between )1 and )5&, Steuber, 2002). Obviously,
in the absence of significant burial diagenesis,
micrite d18O values as low as )8& (Fig. 5) and
meteoric cements as low as )10& (Fig. 11A) are
related to 18O-depleted rainwater (e.g. Allan &
Matthews, 1982). These values are comparable
with isotopic data from Albian meteoric cements
in northern Oman ()6 to )8&; Immenhauser
et al., 2000). For comparison, present day rain-
water d18O in Oman is as low as )5 to )7&
[standard mean ocean water (SMOW)], which
roughly translates into meteoric calcite values of
)5Æ3 to )7Æ3& (VPDB, Clark & Fontes, 1990). Both
the S018 and the Jabal Madar section (Fig. 5)
display a variant d18O pattern with saw-tooth-
shaped excursions. This is not in agreement with
a pervasive meteoric overprint leading to invari-
ant d18O and variant d13C (the ‘meteoric water
lines’ of Lohman, 1988). In contrast, the observed

chemostratigraphic pattern suggests the super-
position of episodes of meteoric diagenesis rela-
ted to specific subaerial exposure horizons.
Although a number of factors and processes are

superimposed in the geochemical signal of the
Qishn, the authors conclude that subaerial expo-
sure as evidenced from numerous sedimentologic
features is further supported by shifts to low d13C
and from generally low (but variable) d18O values
of bulk micrite. Moreover, meteoric cements,
which are strongly depleted in 18O and 13C point
to subaerial conditions.

DISCUSSION AND INTERPRETATION

Definition of long-term/terrestrial and
intermittent subaerial exposure

The terms ‘terrestrial’ and ‘intermittent’ subaerial
exposure are differentiated here based on the
exposure index (a percentage of time an area is
exposed to subaerial conditions) of Ginsburg
et al. (1977) established on the recent tidal flats
of Andros Island. The terrestrial exposure envi-
ronment has an exposure index of 100%, and
normally is not flooded by marine waters (excep-
tions are major hurricane floods). Different types
of soils, terrestrial plants and karst can develop in
the terrestrial environment, depending on cli-
mate, hydrology, lithology and topography. The
supratidal environment and intertidal environ-
ments are exposed to intermittent subaerial con-
ditions that are too short for the development of
terrestrial plants, soils and karst.

Generation of composite surfaces

Desiccation cracks, bird’s-eyes and root casts can
be related to the tidal environment, and do not
necessarily require terrestrial conditions
(Fig. 12A). However, alveolar textures and inci-
pient glaebules as observed below CS 5 indicate
soil development and thus terrestrial subaerial
exposure (Esteban & Klappa, 1983). The forma-
tion of scarce glaebules in the Qishn Formation
can express only incipient soil development.
Another possibility is that a soil with different
soil-horizons was eroded and only incipient
glaebules from the transition horizon were pre-
served. Here, the latter possibility is favoured,
because all glaebules were found in topographic
depressions, sheltered from erosion.
Early diagenetic cements in meteoric features

that are significantly depleted in 13C and 18O also
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Fig. 12. Schematic model for the generation of a composite surface; (A) Tidal flat environment, with closely
spaced subenvironments: 1, swamp plants; 2, desiccation cracks; 4, enlarged root casts; 5, root casts filled with
high-energy sediments, and penetrated by another generation of roots; 6, locally restricted erosion; 7, in situ
breccia. (B) Terrestrial subaerial exposure: 1, soil cover; 2, epikarst; 3, enlarged, sediment-filled root casts; 4, plants
(abundant on former tidal channels). (C) Marine flooding removed soil and vegetation: 1, enlarged root casts; 2,
soil-remnants (preserved in depressions sheltered from erosion). 3, epikarstic relief (partly eroded and partly filled
with high-energy deposits); 4, boring organisms (pervasively penetrating early lithified rock). (D) Wave induced
abrasion of fully lithified, pervasively bored rock, results in flat surface (1). (E) Composite surface CS 5 as observed
in different sections: 1, subtidal shoals of high-energy grainstones; 2, borings; 3, flat surface where meteoric
features and borings have been eroded; 4, epikarst; 5, root casts; 6, local breccias; 7, soil-remnants (glaebules) in
sheltered depression.
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point to terrestrial conditions. The same holds
true (with some restrictions) for intervals with
abundant meteoric features combined with low
carbon values (Sequences I, III; Fig. 5) and gen-
erally low oxygen values in the Huqf. Different
processes can result in an irregular relief as
observed along composite surfaces: (i) patchy
lithification and subsequent, submarine erosion
(Hillgärtner, 1998); (ii) bioerosion, wave action
and seawater spray in the inter- and supratidal
environment including rocky coastlines (coastal
karst or syngenetic karst sensu Sweeting, 1979);
and (iii) carbonate solution under meteoric con-
ditions (terrestrial epikarst sensu Esteban &
Klappa, 1983). Coastal and submarine erosion
(i, ii) resulting in the above-described irregular
relief cannot be ruled out. Because of the
abundance of root casts and some glaebules in
close vicinity to the irregular relief, a meteoric
origin (terrestrial epikarst) is proposed here. The
abundance of root casts increases towards the top
of the tidal flat environment, suggesting that these
intervals were exposed to subaerial conditions for
a longer time period relative to stratigraphically
lower portions. In summary, there is sufficient
petrographic and geochemical evidence for ter-
restrial subaerial exposure of composite surfaces
and underlying tidal flats (Fig. 12B).
Flooding of the subaerially exposed environ-

ment (Fig. 12C) is evident from the subtidal
deposits found on top of composite surfaces.
Transgressive deposits, vegetation and soil-hori-
zons have probably been removed during flooding,
but root casts and some glaebules are preserved.
Consequently composite surfaces separate supra-
tidal and subtidal facies without any transition
between the two. Comparable, rapid vertical suc-
cessions characterize ‘transgressive ravinement
surfaces’ (e.g. Swift, 1968, 1978; Swift et al.,
2003). Information on depositional geometries is,
however, insufficient to classify composite surfa-
ces of the Qishn Formation as transgressive ravin-
ement surfaces.
In the Huqf, different organisms including

clinoiid sponges pervasively penetrate the sea
floor, indicating that it was consolidated during
early diagenesis. Moreover, modern analogues
suggest that borings produced by clinoiid sponges
are indicative of fully lithified rocks (Bromley,
1996). Early-diagenetic lithification can be related
to the supratidal and terrestrial environment or to
the subtidal as described by Shinn (1969) from
the present-day Arabian Gulf (formerly ‘Persian
Gulf’). Cementation of the carbonate seafloor in
the Arabian Gulf is mainly controlled by the

sedimentation rate and the grain size that influ-
ences the porosity/permeability properties of the
sediment (Shinn, 1969). Using the modern Ara-
bian Gulf as an analogue (Shinn, 1969), the tidal
flat sediments (mudstone, wackestones, fine-
grained packstones and grainstones) of the Huqf
appear too fine-grained for early submarine
cementation. Consequently, early cementation in
the Huqf is preferably related to the supratidal
environment or terrestrial exposure. Petrographic
studies of the tidal rocks showed that the majority
of the cements are non-luminescent, blocky cal-
cites, which can form in different diagenetic
environments, but are typical of meteoric settings
(Tucker & Wright, 1990).
Locally, composite surfaces of the Huqf have a

sharply cut, flat morphology. High-energy abra-
sion of fully lithified, pervasively bored sedimen-
tary rocks in a shallow-marine environment,
typically forms flat surfaces (Hillgärtner, 1998)
as observed in the Huqf (Fig. 12D). Differential
erosion postdating boring activity locally erased
borings along composite surfaces and completely
removed them along discontinuities SE 1 and SE
2. Erosion on a larger scale is evident from the
entirely eroded tidal flat intervals. This is docu-
mented below CS 3 between Section S037 and
S031 (Fig. 4), where tidal flat deposits, including
root casts and borings on top are missing.

Lateral variability – causes and impact

Although modern tidal flat environments have
little topographic relief, they bear an internal
topography with many subenvironments, such as
tidal channels, beach ridges, levees, ponds and
islands (e.g. Shinn et al., 1965; Shinn, 1969;
Gebelein, 1974; Ginsburg et al., 1977; Shinn,
1983; Wilkinson et al., 1996, 1997; Rankey,
2002). These subenvironments are exposed to
subaerial conditions with variable duration
(exposure index of Ginsburg et al., 1977). Conse-
quently, the intensity of desiccation and sedi-
ment reworking varies across modern tidal flat
environments (Hardie & Shinn, 1986), which
makes them prone to differential erosion. Similar
to the modern analogues, the depositional envir-
onment in the Huqf included supratidal flats,
intertidal settings and tidal channels (Fig. 12A).
Desiccation structures (e.g. circumgranular
cracks, polygonal mudcracks, Figs 4 and 7G) vary
in abundance below and at the composite surfa-
ces of the Qishn Formation, suggesting an envi-
ronment that is prone to differential erosion. For
example, differential erosion was observed along
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CS 5 around Section S032, where between two
and seven erosive depressions cross-cut each
other (Fig. 9B). Eighty metres further to the north,
this interval is eroded (Fig. 9C). Lateral variability
along the surface is thus related to the deposi-
tional environment below.
In modern carbonate environments, supratidal

flats can become consolidated and cemented
within only a few years (Shinn, 1983). Similar
cementation rates applicable for the Qishn For-
mation might explain why root casts are more
abundant on top of tidal channels compared to
supratidal flats (Fig. 12A and B). Channel-fillings
might still have been soft during plant-coloniza-
tion, whereas mudflats and sandflats were already
consolidated or even lithified in the supratidal
and later terrestrial environment. Although root
casts are partly related to terrestrial conditions
the tidal flat environment influences their vari-
able distribution and thus causes lateral variabil-
ity along/below composite surfaces.
Lateral variability along composite surfaces is,

however, not only due to the facies below, but is
also influenced by terrestrial subaerial exposure
creating an epikarstic relief, and to erosion which
is related to the flooding of the subaerially
emerged platform (Fig. 12B and C). Transgression
partly removed the epikarstic relief, borings and
root casts. This resulted in a discontinuity appear-
ing as a subaerial exposure surface with an
epikarstic relief in one place, as a pervasively
bored hardground in another and as a flat abrasion
surface in yet a third place (Fig. 9). Spatially
separated two-dimensional sections or cores
would only show one part of the succession of
processes that altered the carbonate platform
(Fig. 12E). This can result in misinterpretations,
especially in the interior of extensive flat platform
tops, where stratal geometries are subtle. For
example, in Section S037 and Section S032
(Fig. 12E) a bored discontinuity is preserved that
is easily misinterpreted as a submarine hard-
ground, lithified and bored because of sediment
starvation during maximum flooding. Sections
S001, S030 and S032 (Fig. 12E), on the other hand
show that the carbonate platform was exposed to
terrestrial conditions and the discontinuity would
thus represents a sequence boundary.

Allocyclic versus autocyclic origin

Composite surfaces were exposed to terrestrial
conditions, including the development of a soil
and an epikarstic relief. Terrestrial subaerial
exposure of carbonate platforms is indicative

for relative sea level lowering, and cannot be
produced by autocyclic processes or changes in
sediment supply (Schlager, 1993). Consequently,
meteoric alteration of a carbonate platform is a
marker for allogenic forcing of the sedimentary
system (Strasser, 1991). Therefore, it is crucial
for the reconstruction of ancient sea-level fluc-
tuations and sequence stratigraphic interpreta-
tions to differentiate between structures that
point to intermittent and terrestrial subaerial
exposure.
Sedimentary structures and composition of

rocks above composite surfaces point to a mean
palaeo-water depth of >10 m (Figs 3 and 4).
Thus, palaeo-water depth increases from terrest-
rial exposure to more then 10 m across composite
surfaces. Composite surfaces and the accompany-
ing bathymetric shifts were regionally correlated
for up to 170 km (to Jabal Madar, Fig. 5). This
suggests that the depositional profile across the
discontinuities (and its lateral extent) documents
a regional transgression, as opposed to lateral
shifts of sediment bodies. Consequently, com-
posite surfaces are of allocyclic origin and record
a regional regression followed by a transgression.

Omission surfaces

Increased bioturbation and borings (although
scarce) suggest sediment starvation along laterally
limited omission surfaces. Clari et al. (1995)
pointed out that the non-Waltherian superposi-
tion of different strata suggests an interruption in
sedimentation such as omission or erosion. The
superposition of different depositional facies
across distinct surfaces in the Huqf thus gives
additional indication for omission. Laterally lim-
ited omission surfaces are restricted to open
lagoonal settings, which suggest that these dis-
continuities record local processes such as sedi-
ment starvation due to local currents in this
particular environment. In depositional environ-
ments with a higher hydrodynamic level, omis-
sion surfaces are absent. This is perhaps due to
high sedimentation and erosion rates in more
open lagoonal settings.
Facies shifts across OS 1 that extend for at

least 21 km mark a shift in palaeo-water depth
from shallow lagoonal to marly, open platform
conditions, with higher water depth (Fig. 4).
The sequence-stratigraphic interpretation of the
Qishn Formation shows that the deepening
trend across this discontinuity records the
maximum flooding of a regional transgression
(allocyclic, Immenhauser et al., 2004). Increased
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density of Thalassinoides burrows below OS 1
causes the irregular wavy morphology of the
surface and points to low sedimentation rates.
Sharp contacts between burrow fillings and
surrounding sediment is evidence that the
sediment around burrows was at least ‘firm’
when infilled (Bromley, 1975). Iron-staining of
Thalassinoides walls might be caused by both
Barremian omission prior to burrow-filling and/
or exposure to present-day desert climate.
Brownish impregnation of the discontinuity
surface might result from subrecent to recent
fluid flow along a flow barrier (the marly
sediment above), which is highlighted by gyp-
sum crusts along the surface. Mineralization of
the surface during Barremian/Aptian omission,
however, can result in a comparable impregna-
tion (Gomez & Fernandez-Lopez, 1994). The
lack of lateral variability along OS 1 is ex-
plained by the protected lagoonal setting with a
low hydrodynamic level. Moreover, the marly
deeper-marine platform sediments deposited
above OS 1 suggest only minor subsequent
erosion.

Erosion surfaces

The abundance of laterally limited erosion surfa-
ces is closely related to the depositional environ-
ment. In Sequence III, numerous subtidal and
tidal shoals truncate strata below, resulting in
laterally limited erosion surfaces. The abundance
of laterally limited erosion surfaces decreases
with the hydrodynamic intensity. Only few ero-
sion surfaces are recognized in shallow open
lagoons. They are rare in protected low-energy
environments and missing in deeper platform
settings below the reach of storm waves.
Besides the large number of laterally limited

erosion surfaces, eight laterally extensive surfaces
were observed, which are not bound to specific
depositional environments. Consequently, local
currents are not likely to have generated these
discontinuities. In contrast, regional transgres-
sions might have produced laterally extensive
erosion surfaces (allocyclic). This is in accord-
ance with sequence stratigraphic interpretations
of laterally extensive erosion surfaces correlatable
across a N–S transect of 100 km in the Huqf area
(Immenhauser et al., 2004).
A sharp facies change occurs across six erosion

surfaces suggesting that a transitional interval
between sedimentary rocks of different deposi-
tional environments possibly was eroded, or
sediments were never deposited. Decreasing

d13C and d18O values below some erosion surfaces
(ES 1 in the Huqf and DsG at Jabal Madar; Fig. 5)
imply that the missing intervals might have been
exposed to subaerial conditions. Shell lag depos-
its in small erosive depressions could be indica-
tive of storm scouring but the evidence is subtle.
The lack of angular unconformities between strata
below and above extensive erosion surfaces can
be explained by the orientation of the study-
window parallel to regional facies belts of the
palaeo-environment.
The lateral variability of an erosion surface in

terms of facies below and above the discontinuity
varies considerably in intervals where strati-
graphically thin successions of differing facies
overlie each other (Sequence III; Fig. 4). In such
settings, only minor (differential) erosion can
remove one or several of these successions from
some sections, whereas the same intervals might
be preserved in others.
In the Huqf, palaeo-depositional environments

with a topographic relief (open platform with
shoals, coral and rudist biostromes; Fig. 3) show
higher facies variability compared with deeper
settings with low relief. Consequently, facies
below erosion surfaces capping a topographic
relief change laterally (e.g. ES 4; Fig. 4), whereas
those in low-energy, low-relief, deeper settings
with a flat topography and low water energy are
laterally uniform (e.g. ES 1, ES 5; Fig. 4). The
topography, the hydrodynamic level and the
available accommodation space of the deposi-
tional environment prior to erosion thus might
influence differences in the facies contrast across
erosion surfaces.

SUMMARY AND CONCLUSIONS

In theBarremian toLowerAptianQishnFormation
of Oman, 17 laterally extensive discontinuities
record relative, regional sea-level fluctuations and
are thus of allocyclic origin. In contrast, 43 laterally
limited discontinuities record locally active pro-
cesses such as from storm currents or waves. The
exceptionally well-exposed Qishn Formation al-
lows fora lateral studyof these surfaces.Theresults
of this study offer a more detailed insight into the
recognition and origin of discontinuity surfaces in
shallow marine carbonate settings. This can be
extrapolated to subsurface core studies or studies
based on spatially separated one-dimensional out-
crop sections in comparable depositional environ-
ments. Three surface typeswere differentiated and
interpreted within the Qishn Formation:
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• Six laterally extensive composite surfaces
record regional exposure and terrestrial modifi-
cation of a tidal flat environment and subsequent
flooding. Petrographic evidence for terrestrial
conditions is supported by negative shifts in d13C
values of bulk micrite and calcite cements and
overall low d18O values. The high degree of lateral
variability along and below composite surfaces is
due to rapid and small-scale lateral facies changes
in the underlying tidal flat environment, meteoric
alteration during terrestrial subaerial exposure
and to differential erosion during subsequent
flooding.
• Laterally limited omission surfaces restricted

to open lagoonal settings are probably the result
of sediment starvation due to local processes,
such as wave or storm currents. One laterally
extensive omission surface records maximum re-
gional transgression. This discontinuity exhibits
no lateral variability reflecting the underlying
environment and the lack of differential erosion
postdating omission.
• Numerous, laterally limited erosion surfaces

are related to local processes in distinct deposi-
tional environments and they decrease with
hydrodynamic energy. Eight laterally extensive
erosion surfaces mark the onset of regional
transgressive pulses. The lateral variability of
erosion surfaces in terms of facies below and
above is high in intervals with stacked, thin de-
positional units. Moreover, lateral variability is
related to the topography and the hydrodynamic
level of the depositional environment prior to
erosion.
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