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Anderskouv, K. & Surlyk, F. 2011: Upper Cretaceous chalk facies and depo-
sitional history recorded in the Mona-1 core, Mona Ridge, Danish North Sea. 
Geological Survey of Denmark and Greenland Bulletin 25, 60 pp.

The 331 m long core from the Mona-1 well in the Danish North Sea spans almost the entire 
Upper Cretaceous Chalk Group but only about 10% of Late Cretaceous time is represented. The 
succession comprises 14 facies representing pelagic deposition, turbidity flow, and mass-transport 
processes, including mudflow, debris flow, and slumping. Pelagic deposits vary mainly in terms 
of the concentration of siliciclastic material, the trace-fossil assemblage, and the presence or ab-
sence of primary sedimentary structures. Pelagic sedimentation was probably punctuated by the 
deposition of thin turbidites, and the resultant deposits were thoroughly bioturbated if deposited 
during normal oxygenation at the sea floor. Periodic benthic dysoxia resulted in the preservation 
of primary structures, as represented by laminated chalk which consists of thin pelagic laminae 
alternating with thin turbidites. In addition to the thin turbidites in the laminated chalk, four dif-
ferent turbidite facies are interpreted as representing high- to low-energy flows. Clast-supported 
chalk conglomerates have previously not been differentiated from other turbidites, but are here 
interpreted to be directly related to the down-slope evolution of debris flows. Debris flows are rep-
resented by matrix-supported conglomerates, which form one of the most common facies in the 
succession. High-concentration, gravity-driven suspension flows passed into dilute visco-plastic 
flows during the final stages of deposition and resulted in the deposition of structureless chalks. 
Limited shear deformation produced distinct quasi-facies from which the precursor facies can be 
deduced, whereas intense or continued shear deformation produced a shear-banded quasi-facies 
from which the precursor facies cannot be deduced in all cases. A series of major slump packages 
(14–18 in total) are interpreted, forming over 40% of the succession; debrites appear to be the 
most common precursor facies involved in slumping. 

The vertical succession of facies records an earliest Cenomanian facies shift from dominantly 
siliciclastic to chalk deposition. The Cenomanian – late Campanian period was dominated by 
erosion or sediment by-pass with minor associated mass-transport deposits preserved. Basin fill-
ing by pelagites and turbidites prevailed in the late Campanian, whereas Maastrichtian pelagic 
deposition was interrupted by increasingly frequent and voluminous mass-transport events. 

Authors’ address
Department of Geography and Geology, University of Copenhagen, Øster Voldgade 10, DK-1350 Copenhagen K, Denmark. 
E-mail: ka@geo.ku.dk, finns@geo.ku.dk
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Introduction

The Upper Cretaceous Chalk Group has long been 
the subject of research concentrating on stratigraphy, 
palaeontology and geochemistry. Few studies have 
addressed the physical processes of deposition in de-
tail, with some notable exceptions (e.g. Voigt 1962, 
1977; Voigt & Häntzschel 1964; Steinich 1967, 1972; 
Kennedy & Juignet 1974; Kennedy & Garrison 1975; 
Gale 1980; Hardman & Kennedy 1980; Noe-Nygaard 
& Surlyk 1985; Quine & Bosence 1991; Scholle et 
al. 1998; Damholt & Surlyk 2004; Anderskouv et al. 
2007), and almost no empirical data on the depositional 
processes of chalk ooze exist. As a result, the literature 
contains few examples of depositional models for chalk 
and none of those published have been demonstrated 
to be successfully predictive, with respect to identify-
ing the occurrence of a particular facies based on the 
known occurrence of other facies. Vertical successions 
of chalk facies in the Chalk Group of the North Sea 
have been considered non-ordered, unlike the com-
monly systematic and predictable stacking patterns of 
deep-water sili-ciclastic successions (e.g. Surlyk et al. 
2003). Although this is mainly due to the line-sourced 
nature of most carbonate redeposition systems and the 
fact that most redeposition processes may be initiated 
at any depth on the slope (e.g. Mullins & Cook 1986), 
it probably also reflects a relatively limited understand-
ing of the lateral associations and gradations between 
processes and facies in the Chalk Sea.

Descriptive classification schemes for chalk facies or 
lithologies have been introduced (Hancock 1975; Siem-
ers et al. 1994; Crabtree et al. 1996). The understand-
ing of depositional systems can be used to predict the 
distribution of facies or lithologies, a task that is inter-
pretive by nature. Objective description is necessary to 
document and communicate an interpretation, but it 
has no predictive power in itself. A variety of interpre-
tive facies and conceptual depositional models for the 
North Sea Chalk Group have also been proposed (Ny-
gaard et al. 1983; Brewster et al. 1986; Kennedy 1987a, 
b; Nielsen et al. 1990; Sikora et al. 1998; Bramwell et al. 
1999). Such models may prove predictive when based 
on a solid foundation of empirical data and/or nume- 
rous well-documented cases. The purpose of the pre-
sent paper is to contribute to such a foundation by 
presenting a detailed study of a long and varied suc-
cession. The analysis builds upon all the papers cited 

Facing page:
Fig. 2. A: Main structural elements in the North Sea Central Gra-
ben. Modified from Surlyk et al. (2003). DK: Denmark. Ger.: 
Germany. Neth.: Netherlands. UK: United Kingdom. B: Struc-
tural elements and Chalk Group isochore contours in metres in 
the Mona Ridge area. The shaded area, where the Chalk Group is 
less than 600 m thick, broadly defines the position of the Mona 
Ridge. The dashed line indicates the location of the seismic line in 
Fig. 3. Modified from Britze et al. (1995). 

Fig. 1. Palaeogeography of North-West Europe during the 
Cenomanian–Turonian (A), and the Coniacian–Maastrichtian 
(B). Modified from Ziegler (1990). 
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above although the facies descriptions do not rely on a 
classification scheme and interpretations do not follow 
a specific depositional model. Nor is the applied facies 
subdivision presumed to constitute a universally em-
ployable facies scheme. The Mona-1 core is ideal for the 
purpose of the study as it covers a 303 m long chalk suc-
cession ranging from the base Upper Cretaceous almost 
to the Cretaceous–Tertiary boundary. A wide range of 

chalk facies are represented in the succession, which 
thus provides an excellent opportunity for analysing 
the vertical development of chalk facies in the Upper 
Cretaceous part of the Chalk Group in the North Sea. 
The aim of this study is to present detailed descriptions 
and interpretations of the chalk facies present, and to 
discuss facies associations and the general Late Creta-
ceous depositional history in the Mona Ridge area.

Setting and stratigraphy

During the Late Cretaceous, much of North-West Eu-
rope was covered by an extensive epeiric sea that was 
characterised by low terrigenous input and deposition 
of chalk (Håkansson et al. 1974; Hancock 1976; Sur-
lyk 1997; Surlyk et al. 2003). The central North Sea 
area constituted a relatively deep part of the Chalk Sea, 
flanked to the east by the wide pelagic carbonate ramp 
and basin of the Danish Basin, the siliciclastic-domi-
nated seas towards the north, the shallower seas around 
the present British Isles to the west, and the Paris Basin 
to the south (Fig. 1). The Central Graben is a generally 

NNW-trending intracratonic basin in the North Sea, 
delimited by the Coffee Soil Fault to the east and the 
Mid North Sea High to the west. It was formed by Per-
mian and Triassic rifting, Middle Jurassic thermal up-
lift and Late Jurassic rifting along N- to NE-trending 
normal faults (e.g. Zanella & Coward 2003). Thermal 
subsidence characterised the Late Cretaceous, punctu-
ated by inversion pulses (Cartwright 1989; Vejbæk & 
Andersen 2002). The Mona Ridge is an elongate NW–
SE-trending structural high in the northernmost part 
of the Danish North Sea near the eastern limit of block 

Fig. 3. Seismic section from the eastern part of the Jeppe Basin (left) to the western margin of the Mandal High (right); for location of 
seismic line, see Fig. 2. Interpretation courtesy of F.C. Jakobsen (GEUS). 
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Fig. 4. Lithostratigraphic subdivision of the Chalk Group in the 
North Sea. Modified from Surlyk et al. (2003). l: lower. m: mid-
dle. u: upper.

Fig. 5. Biostratigraphy of the 
Mona-1 core based on calcare-
ous nannofossils. Modified 
from Bailey et al. (1999). Grey 
parts denote lack of nannofos-
sil data due to gaps between 
samples or poor preservation. 
Alb.: Albian. Cenoman.: 
Cenomanian. L.: Lower. Cr.: 
Cretaceous.Central
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21 (Fig. 2). It is flanked to the SW by the wide, NW–
SE-trending Jeppe Basin and to the NE by the narrow 
and deep Karl Basin (Fig. 3). The Karl Basin is delim-
ited by the Mona Ridge and the Mandal High further 
to the NE. The Mona-1 well is situated just east of the 
crest of the Mona Ridge adjacent to the Karl Basin.

The most logical and coherent lithostratigraphic 
scheme for the Upper Cretaceous in the North Sea ap-
pears to be that followed by Surlyk et al. (2003). This is 
essentially the scheme of Deegan & Scull (1977) with 

the modifications of Isakson & Tonstad (1989), but re-
taining the original distinction between the dominant-
ly siliciclastic Shetland Group in the northern North 
Sea and the carbonate-dominated Chalk Group in the 
southern and central North Sea (Fig. 4). Few biostrati-
graphical studies have been undertaken on the Upper 
Cretaceous succession in Mona-1; the nannofossil zo-
nation established for the well by Bailey et al. (1999) is 
used here (Fig. 5).

Materials and methods

The Mona-1 core is 331 m long and includes the up-
permost part of the Lower Cretaceous Cromer Knoll 
Group and 303 m of the Upper Cretaceous Chalk 
Group. Core recovery was generally very high, except 
for a c. 12 m section in the upper part of the core. The 
core condition is excellent in the lower half of the Up-
per Cretaceous, whereas the porous upper part is in 
moderately good condition but very fragile and friable. 
The studied succession extends from the uppermost Al-
bian to less than 10 m below the Cretaceous–Tertiary 
boundary at the top of the core.

A detailed core description was made at a scale of 1:5 
or 1:15 in order to record the subtle sedimentary vari-
ations. A number of polished slabs were made, treated 
with light oil, and scanned at a resolution of 1200 dpi. 

This provides the equivalent of a 10-fold magnification 
at optimal resolution and allows for subsequent digital 
image processing such as contrast enhancement. All 
presented sedimentological logs are drawn in a natu-
ralistic style, as close to the actual appearance of the 
core as possible. Trace fossils are identified to gener-
ic level. Twenty-five thin sections were produced for 
petrographic analyses. Porosity and permeability data 
were obtained from the conventional core analyses per-
formed in 1983.

The original plug and drilling data are reported in 
imperial units, which were also used during core de-
scription to minimise the risk of error. Depths were 
subsequently converted to metric units and both types 
of units are reported throughout the manuscript.

Facies analysis

Definitions and terminology

Descriptions and interpretations of facies are summa-
rised in Table 1. Some of the facies described below 
would probably be recognised as representing a con-
tinuum if studied in outcrop; such gradual change is 

very difficult to determine in core. A large number of 
facies was deliberately distinguished to prevent loss of 
information, as subtle differences have a potentially 
significant impact on the interpretation of the succes-
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sion (Table 1). Texture is classified according to the 
modification of Dunham (1962) by Embry & Klovan 
(1971), with the further modification that mud is de-
fined according to the Wentworth scale so that grains 
are particles larger than 63 μm. The terms ‘silty’ and 
‘sandy’ are used solely to describe grain sizes and do 
not imply siliciclastic content. The terms ‘plastic’ and 

‘visco-plastic’ are used according to mechanical defini-
tions (Middleton & Wilcock 1994), i.e. ‘plastic’ is not 
synonymous with ‘ductile’ or ‘soft’. The term ‘biotur-
bated’ is distinguished from the term ‘burrowed’ in 
this study. ‘Bioturbated’ is used here for extensively 
burrowed and biomottled deposits with no preserved 
primary sedimentary structures, such as lamination. 

   

Facies   Description  Interpretation

1 Bioturbated chalk Completely bioturbated chalk with no preserved   Pelagite
  primary sedimentary structures.

2 Bioturbated marly chalk Completely bioturbated marly chalk with  Pelagite
  no preserved primary sedimentary structures. 

3 Laminated chalk Chalk with vague and indistinct lamination seen Pelagites alternating with   
  as subtle colour differences. low-density turbidites and   
   fall-out deposits from clouds of  
   resuspended material

 
4 Laminated marl Carbonate-rich siliciclastic mudstone with irregular, Pelagite/hemipelagite
  wispy and laterally discontinuous lamination. 

5 Graded silty chalk Sharply based chalk with a relatively high Turbidite
  concentration of silt-grade particles. Burrowed
  and rarely laminated.

6 Graded silty chalk with Sharply based graded chalk with a relatively high Turbidite
 packstone lamination concentration of silt-grade particles and fine sand
  to silt laminae.
    
7 Graded packstone and Sharply based fine-sand packstone, which grades Turbidite
 wackestone upwards into a fine sandy chalk wackestone. 
 
8 Non-graded packstone Fine-sand packstone or fine sandy wackestone with Turbidite 
 and wackestone a high density of burrows.  

9 Structureless chalk Structureless chalk, which may or may not be Mudflow deposit
  burrowed to a limited extent. 

10 Structureless matrix- Structureless chalk or wackestone with randomly Debrite
 supported chalk distributed and oriented matrix-supported fine
 conglomerate sand to boulder-sized clasts, which may show
  coarse-tail grading. 
  
11 Clast-supported chalk Pebbly grainstone to pebble conglomerates  High-density turbidite,   
 conglomerate composed of chalk clasts and subordinate shell debris. derived from debris flow

  
12 Shear-deformed Deformed chalk in which the bioturbated fabric Limited plastic deformation of  
 bioturbated chalk is still recognisable. bioturbated chalk

13 Shear-deformed matrix- Matrix-supported chalk conglomerate with Deformed debrite
 supported chalk deformation structures.
 conglomerate 
 
14 Shear-banded chalk Matrix-supported chalk conglomerate with irregular Intensely shear-deformed
  colour banding. chalk

Table 1.  Facies summary



1212

‘Burrowed’ is used for deposits that have been bur-
rowed, but not to the extent that primary sedimentary 
structures have been totally obliterated. Fourteen fa-
cies are recognised, but Facies 12–14 are not facies in a 
classical sense, as they are defined by structures caused 
by penecontemporaneous deformation. However, they 
are defined as facies here because the occurrence of soft 
sediment deformation is critical for the interpretation 
of the succession. Also, it is in some cases impossible 
to determine whether the penecontemporaneous defor-
mation was purely post-depositional or part of the dep-
ositional process. The primary lithological discrimina-
tor is the distinction between chalk, marly chalk, and 
marl (Plate 1). Chalk is defined as a rock or sediment 
that is compositionally dominated by calcareous nan-
nofossils (Scholle 1977). In the studied succession, the 
chalk is a carbonate mudstone, and rarely a wackestone, 
and the main constituents of the carbonate mud are 
calcareous nannofossils with subordinate calcispheres 
and small foraminifers. Sand-sized bioclasts are mainly 
foraminifers, inoceramid shell fragments, and small 
fragments of bivalves, echinoderms, and other inver-
tebrate fossils. The term marly chalk is used for chalk 
with a sufficiently high clay content to be recognised by 
its colour with the naked eye; the term marl is used for 
carbonate-bearing siliciclastic mudstones. 

Facies 1: Bioturbated chalk

Description. This facies is characterised by its lithologi-
cal composition and a completely bioturbated fabric 
with no preserved primary sedimentary structures 
(Figs 6, 7). The most common recognisable burrows are 
large and small Chondrites and Planolites and, less com-
mon, Teichichnus and Taenidium. Zoophycos is largely 
restricted to the 3288–3284 m (10 788 ft – 10 774 ft) 
interval, and possible Thalassinoides burrows mainly 
occur in the upper half of the core. The facies most 
commonly has a mudstone texture and may contain 
few scattered sand-sized bioclasts. In rare cases, local 
wackestone texture occurs due to the concentration of 
bioclasts. Lower boundaries are commonly gradational 
to the underlying facies, whereas upper boundaries are 
most commonly sharp. The facies constitutes a little 
more than one third of the entire succession and in-
dividual facies units are up to 6.3 m thick. It occurs 
throughout the succession, but it is most important in 

the Maastrichtian part. It is commonly interbedded 
with Facies 5–8 and less commonly with Facies 3 and 4. 

Intrapelagic erosion surfaces are important features 
intimately associated with Facies 1. They are sharp 
surfaces occurring within bioturbated chalk intervals, 
typically expressed by a subtle but abrupt change in 
colour. The surfaces appear to be smooth but may show 
a slightly wavy topography. They truncate burrows of 
the underlying unit, but may be penetrated by burrows 
descending from the overlying chalk. There are no sig-
nificant changes in composition or texture associated 
with the surfaces. A total of 27 intrapelagic erosion 
surfaces are recognised, restricted to the lower half of 
the studied succession and strongly concentrated in the 
3360–3325 m (11 030 ft – 10 910 ft) interval. They are 
most common within pelagic units that include rela-
tively few, thin and fine-grained interbeds belonging 
to Facies 5–8.

Interpretation. The complete lack of primary structures 
and the thoroughly bioturbated fabric indicate fully 
oxygenated benthic conditions and relatively slow ac-
cumulation. These conditions allowed the infauna to 
continuously burrow the sea-floor sediments and de-
stroy all primary structures. The range of trace fossil 
tiers and the rarity of benthic fossils indicate a relative-
ly rich infauna and a restricted shelly epifauna, which 
suggests a high nutrient flux to the sea floor (Dayton & 
Oliver 1977; Bambach 1993; McKinney & Hageman 
2006). The original depositional process cannot be de-
termined due to the destruction of primary structures, 
but the slow accumulation indicates deposition mainly 
by pelagic fall-out although a contribution from thin 
event beds is likely (see Facies 3).

The lack of mineralisation or lags in association with 
intrapelagic erosion surfaces indicates that they do not 
represent significant time intervals, but rather appear 
to represent short perturbations of the pelagic deposi-
tion by sediment gravity flows or bottom currents; the 
latter are increasingly being recognised as an impor-
tant influence on relatively deep-water chalk deposi-
tion (Lykke-Andersen & Surlyk 2004; Esmerode et al. 
2007, 2008; Surlyk & Lykke-Andersen 2007; Surlyk et 
al. 2008; Esmerode & Surlyk 2009). The lack of lags 
and characteristic event deposits suggests that the erod-
ed material was transported away from the site, rather 
than being resuspended locally and producing a post-
event, fall-out deposit. The amount of erosion is diffi-
cult to assess in a core, but the fact that the surfaces are 
preserved implies that the soft uppermost part of the 
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sediment column, where the most efficient burrowing 
organisms would have prevailed, was removed by ero-
sion. Deep burrowers adapted to firm, somewhat com-

pacted sediment (e.g. Chondrites) were not excluded, 
however, indicating that erosion probably proceeded to 
a depth of a few tens of centimetres. 

1 cm

Fig. 6. Typical appearance of bioturbated 
chalk (Facies 1; 3360.02–3359.87 m, see 
Plate 1). Note the mottled appearance due 
to the numerous superimposed vaguely 
defined colour variations. 
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Facies 2: Bioturbated marly chalk

Description. This facies comprises completely bio-
turbated chalk with a siliciclastic mud content large 
enough to be detected by its colour with the naked 
eye (Figs 8, 9). The ichnofabric is dominated by small 
Chondrites, Zoophycos, Planolites, with less common 
large Chondrites and Taenidium. The facies only occurs 
in a 3.15 m thick interval in the Cenomanian part of 
the core, where it transitionally overlies laminated marl 
(Facies 4).

Interpretation. The thorough bioturbation indicates 
relatively slow pelagic carbonate and hemipelagic clay 
accumulation under well-oxygenated benthic condi-
tions. The prevalence of Zoophycos may indicate rela-
tively stable conditions and slow continuous deposition 
in deep water (Ekdale & Bromley 1984).
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Fig. 7. Typical bioturbated succession showing random distribu-
tion of bioclasts and recognisable trace fossils, mostly Planolites, 
Chondrites, some Teichichnus, and one possible Thalassinoides. 
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Fig. 9. Log example of bioturbated marly chalk (Facies 2). Note 
the intensely bioturbated fabric dominated by small Chondrites, 
Zoophycos and Planolites. 

1 cm

Fig. 8. Bioturbated marly chalk (Facies 2; 3441.50–3441.24 m, see 
Plate 1) with a mottled appearance and prominent Zoophycos (ar-
rows). 
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Facies 3: Laminated chalk

Description. This facies is characterised by vague and 
indistinct lamination expressed as subtle colour differ-
ences (Figs 10, 11). The laminae are 1–10 mm thick, 
planar, commonly laterally discontinuous, and low-
angle cross-cutting relations between laminae have 
been observed. The laminae are not visible under the 
microscope, as there are no obvious differences in grain 
size, composition or texture. The cause for lamination 
must thus be variations on the nannofossil scale. In rare 
cases, the laminae appear to be inversely graded, and 
small-scale dish structures also occur. 

It is common to find diagenetic lamination induced 
by slight pressure dissolution in association with true 
lamination. True lamination is distinguished from dia-
genetic lamination by being cut by burrows and lacking 
signs of pressure solution and concentrations of disso-
lution residues. Some units are devoid of burrows, but 
burrows commonly occur in small numbers. Chondrites 
and small Planolites are by far the most common, but 
Teichichnus has also been observed. The facies makes 
up a total of 5.5 m distributed over 37 occurrences 
throughout the core and individual units are 2–150 cm 
thick. Eight units are thicker than 30 cm, 12 are 5–30 
cm thick, and 17 are thinner than 5 cm. Most of the 
units thicker than 30 cm are overlain by redeposited 
facies, and a little more than half of the 5–30 cm thick 
units are overlain by redeposited facies, whereas most of 
the thin units are overlain by bioturbated facies.

Interpretation. The lamination was probably formed 
by deposition from low-density turbidity currents al-
ternating with pelagic fall-out and settling from clouds 
of suspended material (Damholt & Surlyk 2004). The 
suspended material may have been resuspended by cur-
rents or waves or lofted from sediment gravity flows. 
All these processes produced thin laminae or surfaces 
which would rapidly have been destroyed by bioturba-
tion under oxygenated benthic conditions. The preser-
vation of lamination and the lack of bioturbation were 
thus interpreted by Damholt & Surlyk (2004) to have 
been the result of dysoxia at the sea floor during depo-
sition. Other authors have interpreted such laminated 
chalk beds to have formed by rapid deposition, the high 
sedimentation rate precluding thorough bioturbation 
(Scholle et al. 1998). The depositional process and the 
cause for the lamination according to this latter model 
are unclear, however, and the interpretation of Dam-
holt & Surlyk (2004) is thus preferred here. 

The fall velocity of coccoliths and microfossils, such 
as calcispheres and foraminifers, differ by two orders of 
magnitude (McCave 2008), and deposition from dilute 
suspension clouds or turbidity flows may therefore be 
expected to have produced clear distribution grading, a 
feature not observed in this laminated chalk facies of the 
Mona-1 core (see also Damholt & Surlyk 2004). There 
may be several explanations for the lack of well-defined 
distribution grading. Lofted flows and nepheloid layers 
would probably consist of only very fine grains, thus 
having a too limited grain-size range to produce visible 

1 cm

Fig. 10. Laminated chalk (Facies 3; 
3386.01–3385.93 m, see Plate 1). The im-
age shows both primary (large arrows) and 
diagenetically enhanced lamination (small 
arrows); note that primary lamination 
passes laterally into diagenetic lamination 
in some cases. Burrows occur throughout.
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distribution grading. Indeed, the finest parts of other 
chalk turbidites studied here, consisting largely of coc-
coliths and calcispheres, typically do not show marked 
distribution grading. It must be borne in mind that 
although chalk ooze is commonly referred to as ‘com-
pletely non-cohesive’ due to the lack of clay minerals, 
almost nothing is known about the physical properties 
of the ooze in its original form. Van der Waals forces, 
organic material such as extracellular polymeric sub-
stances, grain morphology and non-preserved spiculate 
material are all potentially highly influential factors in 
this respect. Thus, particle aggregation may have been 
a significant factor in such fine-grained suspensions, 
and this in turn may have significantly influenced the 
resultant grain-size distribution after the removal of la-
bile material. 

The close association between the thickness of lami-
nated units and the type of overlying deposits suggests 
a causal link. If deposition took place during dysoxia 
and was followed by similar deposition under oxygen-
ated conditions, burrowing organisms would penetrate 
downwards into the laminated sediment, thereby de-
stroying the lamination and reducing the thickness 
of the laminated unit. However, the full thickness of 
the laminated unit would be preserved if the unit was 
capped by redeposited chalk. This may explain why 
thick laminated units are commonly overlain by rede-
posited facies, whereas thin laminated units are typi-
cally overlain by bioturbated facies.

Facies 4: Laminated marl

Description. This facies comprises carbonate-rich sil-
iciclastic mudstone with irregular, wispy, and laterally 
discontinuous lamination (Fig. 11). It makes up a total 
of 3.60 m of the studied succession and occurs at four 
different levels and in three somewhat different fash-
ions. The lowermost part of the studied succession is 
a laminated marlstone with abundant Chondrites and 
common Planolites. It passes upward into bioturbated 
marly chalk at the Albian–Cenomanian transition. 
The facies also occurs at 3423.7–3422.7 m (11 232 ft 8 
in. – 11 229 ft 4 in.) where it transitionally overlies a 46 
cm thick turbidite (Facies 6). In this unit, the lamina-
tion is less well preserved due to the abundance of shal-
low tier Planolites and Taenidium. In two other cases in 
the 3411.6–3408.0 m (11 193 ft – 11 181 ft) interval, 
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3408

m ft

3409

Lamination

Marl

Burrows

Fig. 11. Log example of laminated chalk (Facies 3, see Plate 1) 
alternating with thin beds of laminated marl (Facies 4). Note the 
irregularity of the lamination. The marl beds are invariably associ-
ated with pressure dissolution. 
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laminated marl occurs as numerous diagenetically en-
hanced layers interbedded with laminated chalk. The 
marl layers are invariably associated with dissolution 
features, and they are generally c. 1 cm thick. 

Interpretation. The units belonging to this facies may 
have polygenetic origins. The lowermost example is 
interpreted to represent hemipelagic and some pelagic 
deposition during oxygen-deficient benthic conditions. 
The occurrence at 3423.7–3422.7 m (11 232 ft 8 in. 
– 11 229 ft 4 in.) appears to represent deposition from 
dilute mud suspension following deposition of the un-
derlying turbidite. The thin dissolution marl laminae 
associated with laminated chalk may represent primary 
marl layers, or they may simply be pressure-solution 
products of originally slightly argillaceous chalk. 

Facies 5: Graded silty chalk

Description. This facies is conspicuous due to its pale 
colour, in contrast to the dominantly light grey col-
our of the surrounding chalk (Fig. 12). Beds are 1–22 
cm thick and invariably occur within bioturbated in-
tervals; they are typically heavily burrowed and their 
primary structures are only partially preserved. The 
facies has a relatively high concentration of silt-grade 
and more rarely fine sand-grade particles, mainly calci-
spheres (Fig. 13A). Where preserved, beds show a subtle 
overall grading with 0.5 mm thick silt laminae. The 
laminae have high concentrations of calcispheres and 
rarer small foraminifers, both of which are typically 
filled with pyrite or calcite, giving the laminae a black 
coloration (Figs 12, 13A). Lower boundaries are sharp 
or burrowed, and upper boundaries are invariably bur-
rowed. There are 35 beds of Facies 5 in the core, princi-
pally in the 3378.6–3324.1 m (11 084 ft 9 in. –10 905 
ft 10 in.) interval. 

1 cm

Fig. 12. Graded silty chalk (Facies 5; 
3369.44–3369.36 m, see Plate 1), which has 
a conspicuous pale colour and is burrowed. 
The black parts represent remnants of silty 
lamination heavily cemented by pyrite 
(arrow). 
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Interpretation. The sharp base, overall grading and 
graded silty laminae all indicate that the facies repre-
sents silty mud-grade carbonate turbidites, which due 
to their limited thickness were heavily burrowed sub-
sequent to deposition. In terms of standard turbidite 

models, the facies is analogous to the lower part of the 
E division of Bouma (1962), the upper part of E1 of 
Piper (1978), or the T2–T4 divisions of Stow & Shan-
mugam (1980).

Fig. 13. Photomicrographs (plane polarised 
transmitted light) of thin sections. A: Silty 
laminae in graded silty chalk (Facies 5; 
3369.40 m, see Plate 1). Note absence of 
intraparticle porosity due to pyrite and cal-
cite cement. B: Silt to fine sand lamina in 
graded packstone and wackestone (Facies 
7; 3284.36 m, see Plate 1) showing well-
developed intraparticle cement. 
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Facies 6: Graded silty chalk with 
packstone lamination

Description. Facies 6 is composed of chalk, and silt to 
fine sand-grade pelagic bioclasts and fragments of ben-
thic invertebrate fossils. The 10–45 cm thick beds all 
have sharp and commonly loaded bases (Figs 14, 15), 
which truncate burrows of underlying facies. The base 
is typically overlain by a graded and in some cases lami-
nated sandy interval a few centimetres thick (Fig. 16). 
The basal interval grades upwards into a graded silty 
chalk interval with discrete fine sand to silt laminae 
that show upwards decreasing, lateral continuity, thick-
ness and regularity. The laminae are reduced to thin, 
indistinct silty lenses towards the top of the beds. The 
graded silty chalk interval makes up the greater part of 
the beds. One ripple form set and several examples of 
small-scale dish structures have been recorded. The top 
of the beds may comprise a relatively thin structure-
less chalk interval grading into bioturbated chalk, or 
the graded chalk may be overlain by a thick laminated 
chalk or marl that is burrowed at the top (Facies 3 and 
4). The beds are not burrowed, except at the top when 
overlain by bioturbated chalk.

There are 13 beds referred to Facies 6, which make 
up a total of 3.18 m. All beds occur in the 3411.6–
3398.1 m (11 192 ft 9 in. – 11 148 ft 9 in.) interval, 
except for one at 3424.2 m (11  234 ft 2 in.). Thus, 
the facies occurs in association with Facies 7 and Facies 
1, and three of the beds are overlain by the laminated 
Facies 3 and Facies 4.

Interpretation. The sharp erosional base, overall nor-
mal grading and succession of structures indicate that 
the facies represents fine sand to mud turbidites. They 
essentially correspond to the C–E divisions of Bouma 
(1962), E1–E3 of Piper (1978), and T0–T8 of Stow & 
Shanmugam (1980) although Facies 6 is starved of 
sand-sized particles compared to siliciclastic turbidites, 
which formed the basis for the standard facies models 
mentioned above. The siliciclastic examples are distal 

Fig. 14. Graded silty chalk with packstone lamination (Facies 6; 
3424.21–3423.84 m, see Plate 1). The lower part (bed base is in-
dicated) contains several barely visible contorted sand-grade lami-
nae, whereas lamination is more clearly visible in the upper part of 
the sample due to colour variations caused by porosity differences. 
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shelf- or delta-derived, outer-fan and channel-levee de-
posits, whereas Facies 6 was derived from pelagic chalk 
with a low content of sand-sized carbonate particles.

Fig. 15. Log example of a graded silty chalk bed with packstone 
lamination (Facies 6, see Plate 1). Bed base at 3424.13 m.

Fig. 16. Detail (A) and photomicrograph (B) of thin section of a 
lamina in Facies 6 (3407.13 m, see Plate 1). Note the normal grad-
ing in B. The dashed outline in A indicates the location of the thin 
section in B.

mud sand gr
f m c

11232

11233

11234

3423.5

m ft

3424

Burrows

Lamination

Bioclastic sand 
lamination

2 mm

500 µm

A

B



2222

Facies 7: Graded packstone and 
wackestone

Description. This facies may be regarded as equivalent 
to the lower, graded sandy interval of Facies 6 being 

characterised by sharply based packstone which grades 
upwards into chalk wackestone (Fig. 17). It consists of 
silt to fine-grained pelagic carbonate sand and pelagic 
mud, together with benthic bioclastic debris which is 
mostly up to fine sand grade although slightly coarser 

Fig. 17. Graded packstone and wackestone (Facies 7). A: Two thin sandy beds of Facies 7 units (3376.04–3375.86 m, see Plate 1) charac-
terised by sharp bases, normal grading and top–down burrowing. B: A Facies 7 sample (3401.97–3401.87 m, see Plate 1) with a relatively 
thick, laminated sand-grade base. C: Facies 7 example (3284.40–3284.32 m, see Plate 1) with heavy pyrite staining. Sand-sized bioclasts 
are commonly filled by pyrite cement in all three examples, but the cementation is especially conspicuous in C. 
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bioclasts do occur. Faint parallel lamination is rela-
tively common and ripple cross-lamination occurs in 
one unit. Burrows are common in the top of the beds 
but rare in the basal part. The lower boundaries are 
invariably sharp and truncate underlying structures, 
whereas upper boundaries are gradational unless trun-
cated by another bed belonging to Facies 5–8. Facies 7 
is commonly partially stained black by pyrite and thin 
sections invariably show well-developed intraclastic ce-
mentation (Fig. 13B). Facies 7 almost always overlies, 
and is overlain by, bioturbated chalk of Facies 1. There 
are 40 Facies 7 beds making up a total of 2.62 m in the 
core, with individual beds being 1–18 cm thick. 

Interpretation. Facies 7 beds are interpreted as tur-
bidites on the basis of the sharp, erosional lower bound-
ary, normal grading, horizontal lamination, rare ripple 
cross-lamination, and top-down burrowing. The facies 
belongs to the C division of Bouma (1962), the basal 
part of E1 of Piper (1978), or the T0 division of Stow 
& Shanmugam (1980). In many cases, the facies re-
sembles the basal part of Facies 6, the main difference 
being that Facies 7 is slightly thicker and sandier than 
the basal part of Facies 6, and that it lacks the relatively 
thick muddy interval with sandy laminae that domi-
nates Facies 6. 

Facies 8: Non-graded packstone and 
wackestone

Description. This facies is represented by thin beds of 
fine sand packstone and more rarely wackestone. The 
composition is identical to that of Facies 7. The facies is 
normally a few centimetres thick, shows a high density 
of burrows, and lower and upper boundaries are tran-
sitional to fully bioturbated chalk (Facies 1), except in 
two cases where it is associated with redeposited facies 
and where Facies 8 shows no burrows and is sharply 
bounded by thin zones of intense shear deformation. 
There are 26 occurrences of the facies making a total of 
80 cm, almost all of which are found in the pelagite/tur-
bidite dominated interval in the lower half of the core 
(3411.6–3324.1 m, 11 192 ft 9 in. – 10 905 ft 10 in.).

Interpretation. Facies 8 is identical to Facies 7 in terms 
of composition and grain size, but lacks grading, sharp 
boundaries and sedimentary structures. It is interpreted 

to represent thin, fine sand-grade turbidites, equivalent 
to Facies 7, which were homogenised by bioturbation, 
or in rare cases by shear deformation. Burrowing gen-
erally affected only the top part of Facies 7, whereas 
the generally thin Facies 8 units suffered complete bio-
genic reworking. The bioturbation destroyed grading 
and other structures, blurring the sharp boundaries 
and, in some cases, resulting in mixing of the turbidite 
sand and chalk ooze and the creation of a wackestone 
texture. More rarely, the homogenisation was caused by 
shear deformation rather than bioturbation. The facies 
belongs to the C division of Bouma (1962), the basal 
part of E1 of Piper (1978), or the T0 division of Stow & 
Shanmugam (1980).

Facies 9: Structureless chalk

Description. This facies is a structureless chalk, which 
may be burrowed to a limited extent (Fig. 18). It may 
contain fine sand-grade bioclasts and rare randomly 
distributed and oriented benthic fossil fragments. In 
some cases, the facies shows subtle signs of deforma-
tion represented by vague, folded colour-bands. It does 
not show the mottled appearance that characterises the 
bioturbated chalk facies. Burrows are typically few and 
concentrated at the top of individual beds. The most 
common burrows are small Chondrites, whereas Plano-
lites, Taenidium, and Teichichnus occur in subordinate 
numbers. Trichichnus, which is very rare in the other 
facies, is relatively common. Some Facies 9 intervals 
show internal burrowed surfaces from which burrows 
penetrate down into the underlying bed, whereas the 
overlying beds are devoid of burrows, indicating that 
the interval is amalgamated and composed of several 
individual units. Lower boundaries are typically tran-
sitional over a short vertical distance and therefore ap-
pear abrupt. There are 28 units of the facies, which 
mainly occur in intervals characterised by extensive 
redeposition. Individual units are 2–815 cm thick, and 
make up a total of 23 m. Most units are less than 30 cm 
thick and are interbedded with laminated chalk (Facies 
3). Units thicker than 1 m overlie Facies 10 or Facies 
12–14. The lowermost unit is 8.15 m thick, overlies 
deformed bioturbated Facies 12 and shows scattered 
burrows, although very few, throughout the unit. 
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Interpretation. The structureless appearance is consid-
ered a primary sedimentological feature, although it 
cannot be ruled out in all cases that the lack of sedi-
mentary structures or burrows is simply due to a lack of 
colour contrast within the material. The facies is most 
commonly overlain by thinner laminated chalk units 
of Facies 3, however, which may suggest a genetic rela-
tionship. Also conspicuous is the common association 
with deformed or redeposited units. In addition, most 
units are burrowed at their top only, with burrows in-
creasing in density toward the top, indicating that bur-
rowing took place after deposition. The structureless 
appearance indicates rapid deposition excluding any 
sorting or structuring of the chalk ooze. The facies may 
thus be interpreted to have been deposited by mudflow, 
which is essentially a clast-free debris flow. The lack of 

clasts may be attributed to a lack of coherence in the 
source material, or that the flow was too dilute to pos-
sess sufficient shear strength to support clasts. The very 
thick unit in the lower part of the succession (Plate 1, 
3434.5–3426.4 m) is burrowed, although to a limited 
extent, throughout its 8.15 m of thickness, and is inter-
preted to have been deposited at a rate roughly equal to 
the rate of burrowing, which points towards deposition 
from a high-concentration suspension cloud or to the 
amalgamation of several flows. All observations taken 
together indicate that Facies 9 beds were deposited by 
high-concentration gravity-driven suspension flows, 
which formed dilute visco-plastic flows during the fi-
nal stages of deposition.

Facies 10: Structureless matrix-
supported chalk conglomerate

Description. This facies consists of a structureless chalk 
mudstone or more rarely wackestone matrix with dis-
persed fine sand- to boulder-sized clasts, which are typ-
ically randomly distributed and oriented but may show 
coarse-tail grading (Figs 19, 20). Burrows are absent 
or restricted to the top of individual units. The facies 
makes up a total of 30.5 m distributed over 16 units, 
varying in thickness from 15 cm to 19 m. Thin units 
generally occur within intervals dominated by Facies 
1–8.

The clasts may be divided into chalk clasts, other 
lithic clasts, and bioclasts (Fig. 21). Chalk clasts are 
abundant, white to light grey, medium sand- to boulder-
sized, although most are granule- to pebble-sized. They 
are mainly rounded to subangular. Some chalk clasts 
show smear-structures ranging from minute flame-like 
structures extending subhorisontally from the clast sur-
face into the matrix, over bidirectional double tails, to 
completely streaked-out clasts, forming thin white and 
commonly folded bands. Incipient rip-up clasts, recog-
nised as angular chalk clasts immediately above simi-
larly shaped cavities in the underlying bed, have been 
observed at the base of redeposited units. Many chalk 
clasts in thick units are considerably richer in fossils 
than the surrounding pelagic chalk, with bryozoan and 
small shell fragments making up the bulk of the fossils. 
A few hardground clasts have been observed. Fossil-
rich chalk clasts may show surfaces with punctate ir-
regularities reminiscent of borings, but these surface 

Fig. 18. Log example of structureless chalk (Facies 9, see Plate 1). 
Although not bioturbated, a few isolated burrows are evident.
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structures are moulds of small fossil fragments which 
were chipped off the clast during redeposition or pos-
sibly dissolved. Other lithic clasts are rare and include 
green sand- and siltstone clasts, shale chips, and small 
round to elongate glauconitised chalk clasts. Bioclasts 
are dominated by bivalve shell debris, especially sand- 
to fine pebble-sized inoceramid fragments. Foramini-
fers make up an important but less conspicuous group, 
and bryozoan fragments occur in thicker units. Other 

observed but rare bioclasts are from brachiopods, echi-
noderms, sponges, belemnites, and corals. 

A typical unit has a light grey, porous matrix, in 
contrast to the white and less porous medium sand- 
to coarse pebble-sized chalk clasts. The matrix itself 
is structureless, but the clasts are coarse-tail graded in 
some units. One notable exception is the lowermost oc-
currence of the facies, which is a c. 5 m thick reddish 
coarse-tail graded inoceramid chalk wackestone with 
boulders composed of bioturbated marly chalk (Facies 

1 cm1 cm

A B

Fig. 19. Typical appearance of a structureless matrix-supported chalk conglomerate (Facies 10; A: 3363.01–3362.89 m. B: 3247.59–3247.42 m 
(see Plate 1). The sample in A was treated with light oil for colour-contrast enhancement. Note the prevalence of subangular white chalk 
clasts. Dark bioclasts (mostly inoceramid fragments) and a few large chalk wackestone clasts are also present (arrows). The crescent-shaped 
structure in the upper left part of A is a drill mark made from plug sampling. 
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2), which most likely originated from the underlying 
lowermost Cenomanian (Fig. 22). The matrix is rela-
tively fossil-rich and appears to be derived from a more 
shallow-water facies than the underlying and overlying 
chalk. The boulders are highly fractured and show nu-
merous internal discordant surfaces. The fractures are 
not expressed by the boulder surface morphology, indi-
cating that fracturing took place prior to emplacement. 
Three 20–25 cm thick units in the 3411.6–3378.6 m 
(11 192 ft 9 in. – 11 084 ft 9 in.) interval, which is 
dominated by Facies 1–8, constitute another variant of 
Facies 10. They consist of coarse-tail graded, complete-
ly glauconitised medium sand- to granule-sized, oval 
clasts in a structureless mudstone matrix. One of the 
units is directly overlain by Facies 8, and the two others 
are overlain by Facies 3. 

Basal surfaces can only be examined in nine out of 
the sixteen units due to stylolites or poor core preserva-
tion; all but one of the nine units are sharply based. 
Two of the basal surfaces are clearly erosional and two 
others are marked by thin shear zones. Upper bound-
aries may be sharp or gradational, depending on the 
overlying facies. Units with burrowed tops may grade 
into bioturbated chalk (Facies 1) and units occurring 
within deformed intervals may grade into shear-de-
formed, matrix-supported chalk conglomerates (Facies 
13), although the transition may also be quite abrupt. 
Upper boundaries are sharp when overlain by Facies 
5–8 or laminated chalk (Facies 3). 

Interpretation. The matrix-supported clasts indicate 
deposition by ‘freezing’ of a flow with some shear 

Fig. 20. Shear-banded chalk (Facies 14, lower part) overlain (at c. 
3250 m) by a structureless matrix-supported chalk conglomerate 
(Facies 10);  the two facies are separated by a stylolite surface. The 
colour banding in the upper part of the Facies 14 unit shows tight 
to isoclinal folds. 
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strength, and the structureless matrix indicates total 
homogenisation during flow but sudden deposition in 
the absence of a sorting mechanism. The material must 

thus have possessed both fluid-like properties during 
flow and plastic properties during deposition. This type 
of visco-plastic, or Bingham plastic, rheology is a well-

Fig. 21. Clasts associated with Facies 10, 11, 13 and 14. A: White subangular chalk clasts are the most common type of clast, but note also 
the large green marl clast in the lower part of the image and a greenish packstone clast in the uppermost part of the image. From 3422.65 m 
(see Plate 1) B: Common appearance of chalk clasts in Facies 14. Note the small size of the clasts and white streaks extending laterally 
from the clasts. The 3 mm long dark object is an inoceramid fragment. From 3325.25 m (see Plate 1). C: Exotic chalk clast rich in bioclasts 
(mostly small inoceramid fragments). From 3361.87 m (see Plate 1). D: Fragments of bryozoan colonies (arrows) within a structureless 
matrix-supported chalk conglomerate (Facies 10). From 3247.42 m (see Plate 1).
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documented feature of debris flows (Johnson 1970), in 
which a relatively high-concentration sediment–water 
mixture, flowing under the influence of gravity, is able 
to support clasts much larger than the individual ma-
trix components. Chalk debris flows must have been 
formed by failure of chalk, whereupon relatively un-
consolidated material was completely mixed with water 
until reaching a fluid state, whereas more consolidated 
and perhaps somewhat cemented material disaggregat-
ed to form chalk intraclasts. Deeply buried, fully lithi-
fied chalk was thus rarely reworked into debris flows, 
and hardground clasts are rare exceptions. 

Fig. 22. Lower part of a structureless matrix-supported chalk con-
glomerate (Facies 10) with boulder-sized clasts (dark tone) similar 
to the underlying bioturbated marly chalk (see also Plate 1). The 
base of the unit just below 3440.5 m is marked by an argillaceous 
shear zone. The boulders were subjected to intense fracturing and 
welding prior to redeposition. 
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Facies 11: Clast-supported chalk 
conglomerate

Description. This facies is characterised by granule–
pebble grade, clast-supported conglomerates but also 
includes pebbly grainstone beds. Chalk clasts domi-
nate, with subordinate shell debris (Figs 23, 24). Units 
belonging to this facies have sharp and loaded bases, 
whereas the upper boundary may be sharp or grada-
tional, depending on the grain size. There is a range 
of variation within the ten units referred to Facies 
11. Four units are 2–8 cm thick and are composed of 
roughly equal amounts of chalk clasts and shell debris 
in the coarse pebble to coarse sand fraction. These units 
show normal or inverse-to-normal grading. Four other 
units are relatively fine-grained, with clast sizes ranging 
from granule chalk clasts to fine sand bioclasts with 
rare pebbles. The units are normally graded or inverse-
to-normally graded, with the rare pebbles occurring 
randomly without reference to the overall grading. 
They typically grade from basal granule to medium 
sand conglomerate or grainstone to medium–fine sand 
wackestone at the top. Two of these units show distinct 
parallel stratification, whereas the two others are some-
what homogenised by burrowing. One of the units 
consists of well-defined rounded chalk clasts, whereas 
the others are mainly composed of highly compressed 
chalk clasts with diffuse boundaries, and numerous 
holes after dissolved grains. The chalk clasts common-
ly appear to be welded together and may be deformed 
by burrows or at grain–grain contacts. A spectacular 
example is provided by a 25 cm thick graded, coarse 
pebble to granule conglomerate bed composed entirely 
of chalk clasts (Fig. 23). A texturally similar unit oc-
curring between two Facies 14 units shows heavily de-
formed boundaries. 

Interpretation. The diagnostic character of Facies 11 is 
the dominance of chalk clasts. It can be envisaged that 
significant numbers of relatively large chalk clasts may 
be produced by erosion and reworking of firm, buried 
chalk or of early diagenetic chalk nodules. Liberation of 
the relatively large numbers of chalk clasts making up 
the conglomerates and grainstones of Facies 11, how-
ever, would have required reworking of large volumes 
of chalk, and subsequent segregation of the mud and 
sand-to-pebble fractions. Winnowing of ooze from 
nod ular chalk or from a chalk debrite could produce 
a lag conglomerate composed entirely of chalk clasts. 
The winnowing process would have involved removal 

1 cm

Fig. 23. Exceptional example of a graded, clast-supported chalk 
conglomerate (Facies 11; 3269.21–3268.95 m, see Plate 1). Inter-
grain pore space is filled with cement and is largely devoid of mud. 
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of enormous amounts of chalk ooze to produce con-
glomerates of the thicknesses observed in the Mona-
1 core. It would take numerous cycles of debris flow 
or nodular hardening followed by complete removal 
of mud to produce thick layers of conglomerate or 
grainstone, because a thin residual lag would form an 
armoured layer sheltering the underlying chalk. Fur-
thermore, the lag would have to be reworked after its 
formation to produce the grading observed in Facies 
11. A more likely explanation is that the loss of mud 

occurred by extreme down-slope maturation of debris 
flows, whereby mud was expulsed from the flows (see 
Krause & Oldershaw 1979), until the point where the 
debris flows had essentially evolved into concentrated 
density flows as indicated by the overall normal grad-
ing of most units (Fig. 25). Grain flow dynamics af-
fected the basal part of some flows during the final 
stages of deposition as indicated by the presence of ba-
sal inverse grading. 

Facing page:
Fig. 24. Clast-supported chalk conglomerates and pebbly grain-
stones (Facies 11); all samples are largely composed of chalk clasts. 
A: Normally graded and laminated grainstone mainly composed 
of coarse–fine sand-grade chalk clasts with some scattered chalk 
granules and pebbles (3343.93–3343.68 m, see Plate 1). B: De-
formed conglomerate with clasts up to 5 cm across (3275.57–
3275.41 m, see Plate 1). C: Conglomerate (3361.79–3361.94 m, see 
Plate 1); somewhat contorted due to compaction, but the overall 
grading is retained. The black colour is due to pyrite. 

Facies 10Facies 11

Fig. 25. Downstream maturation of debris 
flows whereby mud is progressively expelled 
from the flow until it consists of an upper 
mudflow and a basal turbidity/grain flow. 
Inspired by Krause & Oldershaw (1979).



3232

Facies 12: Shear-deformed bioturbated 
chalk

Description. This facies may be regarded as a variant of 
Facies 1, but it is described separately as it is important 
for the understanding of the mass-transport processes 
and the porosity variations. It is characterised by its 
generally biomottled but shear-deformed fabric (Fig. 

26). The biomottled fabric is evident but individual 
burrows are poorly preserved. Planolites and Chondrites 
can commonly be recognised by their morphology and 
configuration, but their margins show stepwise lateral 
off-sets on the submillimetre scale. Well-defined shear 
zones, several centimetres thick, showing larger strain 
than the remaining unit have only been observed at the 
base of one unit. Deformation was thus accommodated 

Fig. 26. Shear-deformed bioturbated chalk (Facies 12;  A: 3183.03–3182.85 m. B: 3159.99–3159.86 m, see Plate 1). Note the mottled 
fabric, which appears to have been slightly deformed. 
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by limited displacement along numerous submillime-
tre-scale shear zones distributed rather evenly through-
out the units. The amount of displacement along each 
of the small-scale shear zones may vary gradually with-
in units. Thus, undeformed bioturbated chalk (Facies 
1) may grade upwards into shear-deformed bioturbated 
chalk (Facies 12), showing gradually increasing strain 
upwards to the point where the bioturbated fabric is 
hardly recognisable. Units showing relatively large 
strain commonly contain small sand to granule grade 
intraclasts formed by the shearing. Slightly more con-

solidated parts of the chalk apparently remained co-
herent during shearing of the surrounding chalk and 
hence produced undeformed but slightly displaced and 
sharp-bounded intraclasts. There thus appears to be 
a gradual transition between Facies 12 and Facies 14 
with relatively few and small intraclasts, and these two 
facies are difficult to distinguish in the uppermost part 
of the core. 

There are nine individual occurrences of the facies in 
the core. The units are 25–660 cm thick and make up 
a total of 17.2 m. They are restricted to mass-transport 

Fig. 27. Photomicrographs of thin section 
of shear-deformed bioturbated chalk (Facies 
12; 3182.39 m, see Plate 1) seen in plane 
polarised, transmitted light (A) and under-
crossed polars (B). Note the absence of 
intraparticle cement and thus preservation 
of porosity. 
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intervals and are typically associated with Facies 13 and 
14. The boundaries to other facies can only be observed 
in a few cases due to stylolites and because the facies is 
mostly found in highly porous parts (Fig. 27), where 
the core condition is relatively poor. However, it ap-
pears that the facies may have either sharp or grada-
tional boundaries to other facies. 

Interpretation. Facies 12 represents small-scale plastic 
deformation of bioturbated chalk. The deformation 
may have occurred through several different processes. 
A common problem of core interpretation is to deter-
mine whether units occur in place between two slump 
units or they represent transported units within a single 
slump. The four upper Facies 12 units almost certainly 
represent deformed bioturbated chalk within larger 
slumps, and are thus allochthonous, whereas the two 
lower Facies 12 units were probably formed by defor-
mation of bioturbated chalk by overriding debris flows, 
and therefore essentially represent in-place deformation 
(Plate 1). One unit at 3274.2 m (10 743 ft) probably 
represents limited lateral creep of bioturbated chalk. 
Two thin units, at 3218.4 m (10 559 ft) and 3182.7 m 
(10  442 ft), may be interpreted as bioturbated chalk 
deformed by overriding debris flows or slumps, or al-
ternatively as intra-slump units. It is important to note 
that intraclasts may form through shear deformation of 
consolidated chalk.

Facies 13: Shear-deformed matrix-
supported chalk conglomerate

Description. This facies shares most of the general char-
acteristics of Facies 10, but differs in showing shear-
deformation structures and in having a heterogeneous 
clast distribution (Figs 28, 29). The deformation struc-
tures are seen as irregular colour bands in the matrix, 
which define open to tight subangular folds. Several or-
ders of smaller folds are superimposed upon larger folds 
and the boundaries between individual colour bands 
appear somewhat serrated and show small-scale flame 
structures. Evidence for shear deformation on clast mar-
gins is relatively common and some clasts are sheared to 
the point at which they form thin white bands. Clasts 
are randomly distributed on a decimetre scale, but are 
rather unevenly distributed on a larger scale, which 
may be due to larger-scale folding. There are 27 oc-

currences of the facies, which makes up a total of 50 
m of the core. Individual units are 20–960 cm thick 
and almost exclusively associated with mass-transport 
facies. Most commonly, Facies 13 shows gradual tran-
sitions to other shear-deformed facies (Facies 12, 14 or 
Facies 9 with deformation structures), and gradational 
transitions to Facies 14 are particularly common (Fig. 
30). More rarely, the facies has rather sharp boundaries, 
which may be marked by a thin shear zone or bedding 
discordances.

Interpretation. This facies represents debrites deformed 
either by slumping or due to shearing by overriding 
flows or slumps. The precursor facies was similar to 
Facies 10, but was plastically shear-deformed. The 
shear deformation most commonly occurred within 
larger-scale deformed units, involving several differ-
ent facies. It is difficult to determine whether stacks of 
shear-deformed facies represent single or multiple de-
formation events, especially in a core. In the 3422.7–
3415.6 m (11 229 ft 4 in. – 11 206 ft) interval, the facies 
definitely represents three events as shown by burrowed 
surfaces within the succession. Individual event beds 
were only a little more than 1 m to less than 4 m thick. 
In the lowermost bed, the degree of shear deformation 
increases upwards so that Facies 10 grades into Facies 
13. In most cases, the deformation appears to have oc-
curred subsequent to deposition, but it cannot be ruled 
out that some of the thin slumps composed of only 
Facies 13, or Facies 10 and 13 together, were deformed 
during the final stages of debris flow as the rheology of 
the material entered the plastic phase. In that case, the 
shear deformation was driven by the inertia of the de-
bris flow itself, rather than by later additional gravity-
induced stress. 
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Fig. 28. Typical shear-deformed, matrix-supported chalk conglomerate (Facies 13; 3197.44–3197.28 m, see Plate 1). The facies appears 
similar to Facies 10, but shows evidence for shear-deformation through relatively gentle folding. 
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Fig. 29. Typical shear-deformed, matrix-supported chalk conglom-
erate (Facies 13, see Plate 1) succession with evidence for both me-
tre- and centimetre-scale folding and a random clast distribution. 
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Fig. 30. Succession showing a gradual upward transition from 
shear-deformed, matrix-supported chalk conglomerate to shear-
banded chalk (Facies 13–14). The transition at c. 3219 m is de-
fined by a gradual, upward-increasing aspect ratio of folds with 
the boundary between Facies 13 and 14 at 3219 m. The top part is 
bioturbated chalk (Facies 1). 
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1 cm

Fig. 31. Shear-banded chalk (Facies 14; 3344.41–3344.22 m, see Plate 1) with relatively small, rounded chalk clasts. The colour banding 
shows the limbs of small isoclinal folds in the lower half of the sample. 
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Facies 14: Shear-banded chalk

Description. This facies is characterised by the presence 
of matrix-supported chalk clasts, as in Facies 10 and 
13, but differs in showing an irregular colour band-
ing (Figs 31, 32, 33). The bands are 2–20 mm thick, 
and most are around 8 mm thick. Individual bands are 
slightly wavy with somewhat irregular thickness. Their 
boundaries have a skewed, serrated or flame-like ap-
pearance similar to those of Facies 13. The bands com-
monly form thin recumbent isoclinal folds with closely 
spaced limbs, and the bands may also form larger, more 
open folds, especially when transitional to Facies 13. 
The concentration of clasts varies greatly, both within 
and between individual units. They appear to show a 
random distribution within units and are mostly medi-
um sand- to granule-sized. Larger clasts occur less com-
monly than in Facies 10 and 13, and some units con-
tain very few clasts. Larger clasts commonly protrude 
through both base and top of single colour bands, but 
it is equally common to see colour bands that envelop 
clasts larger than the thickness of the band. Some units 
contain distinct sandy layers up to a few centimetres 
thick, which have the same irregular appearance as the 
colour bands (Fig. 33). It is difficult to distinguish units 
of Facies 14 that have a low colour contrast and very few 
clasts from the most deformed units of Facies 12.

Facies 14 is very common and makes up a total of 
56 m distributed over 25 individual units, which are 
15–705 cm thick. The facies is closely associated with 
Facies 12 and 13. Lower boundaries are either grada-
tional to Facies 13 or sharp and in some cases sheared 
into various other facies. Upper boundaries are mostly 
gradational to slightly deformed Facies 9 or Facies 12 
and 13, or sharp and in some cases discordant to Facies 
6, 9, 12, or 13. 

Interpretation. This facies was formed through intense 
plastic shear deformation of chalk. The chalk must have 
been in an unlithified but somewhat dewatered and 
firm state, indicating a burial depth of about 10–200 m 
prior to deformation (Mallon & Swarbrick 2002). The 
close and gradational association with the folded Facies 
13 and the many examples of thin recumbent isocli-
nal folds indicate that the laminated appearance of 
the matrix is a type of shear banding. Relatively gentle 
shear folding of firm but non-hardened chalk produced 
Facies 13, whereas further shear deformation produced 
more folds and stretched already existing folds. This 
process caused a gradual horizontal lengthening and 

vertical shortening of the recumbent folds, and thus 
a higher aspect ratio. A core section through a succes-
sion of very thin recumbent folds with very large aspect 
ratios would display numerous beds or laminae, repre-
senting the limbs and only few fold hinges. It is quite 
possible that the process proceeded beyond the point 
of dismemberment at the fold hinges, thus further di-
minishing the likelihood of encountering a hinge in 
a core section. Similar structures have been referred 
to as ‘shredded’ and have been attributed to ‘second-
ary shear-induced lamination’ in relation to slumping 
(Kennedy 1980) and ‘flow-induced lamination’, which 
may form during the final stages of debris flows (Ny-
gaard et al. 1983). The lamination is clearly a product 
of plastic deformation and it is difficult to determine if 
the deformation within a debrite occurred during the 
final stages or after deposition of a fluidal debris flow. 
However, as with Facies 13, it appears likely that debris 
flows entered a phase of plastic rheology during their 
final stages of flow, as also suggested in the interpreta-
tion by Nygaard et al. (1983).

The close association between Facies 10, 13 and 14 
indicates that Facies 14 was typically produced by shear 
deformation of debrites (Facies 10 and 13). However, 
Facies 14 may also be produced by shear deformation of 
several other facies. Units of Facies 14 typically contain 
fewer and on average smaller chalk clasts than Facies 10 
and 13, mainly due to destruction of the clasts during 
intense shearing. It is also evident that chalk clasts may 
be produced directly by shear deformation of biotur-
bated chalk, as seen in Facies 12, and a similar process 
may be expected to have occurred during the forma-
tion of Facies 14. In that case, the ‘clasts’ are products 
of largely in-place brecciation of soft but firm chalk 
rather than true transported clasts. It is not possible 
to confidently distinguish the two in the present case, 
and the term clast is therefore maintained for simpli-
city. The distinction between Facies 12 and 14 is often 
quite subtle, especially in the upper part of the core. In 
this interval, the similarity between relatively strongly 
sheared and clast-bearing Facies 12 and 14 with weakly 
developed colour banding, suggest that the two facies 
are part of a continuum. In two other cases, at 3426.4 m 
(11 241 ft 7 in.) and 3218.1 m (10 558 ft 2 in.), Facies 
14 contains numerous deformed bioclastic sandy layers 
and appears to have been produced by deformation of 
a Facies 1–8 dominated succession (Fig. 33). 
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Fig. 32. Examples of shear-banded chalk (Facies 14; A: 3257.02–3256.79 m. B: 3307.94–3307.84 m. C: 3325.22–3325.08 m, see Plate 1). 
A shows relatively regular colour bands, whereas B and C show contorted, irregular colour bands.
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Fig. 33. Log example of shear-banded chalk (Facies 14) contain-
ing deformed sandy layers, suggesting that it was formed by shear 
deformation of a pelagic/turbiditic succession (Facies 1–8). 
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Slumps

All the facies described above may have been incor-
porated into a slide or slump, yet none of the facies 
are diagnostic of slides and slumps. The recognition 
of slides and slumps must therefore be based on other 
parameters than facies alone. Slides, defined as lateral 
transport of sediment along discrete shear planes with 
little or no internal deformation (e.g. Stow et al. 1996), 
are difficult to recognise in cores. Slumps are more 
easily recognised because they are internally deformed 
(Stow et al. 1996), but it is often difficult to determine 
the number of depositional events represented by a 
succession of slumped facies. Shear zones and unde-
formed burrow horizons may define the base and top 
of slumps, but even these criteria must be cautiously 
applied. Apparently ‘normal’ burrowed/bioturbated 
chalk may represent undeformed but redeposited boul-
ders, and shear zones may develop internally within 
slumps so that they do not define the base of a depo-
sitional unit. Bypassing debris flows and slumps may 
cause deformation of the underlying strata, producing 
similar structures to those formed in a slump. This type 
of deformation did not involve subaqueous motion of 
the deformed sediment and should be distinguished 
from true slides and slumps. 

Fourteen intervals (numbered S1–S14 in ascending 
stratigraphic order) are interpreted to represent slumps 
(Table 2). Several of these contain thin zones of un-
deformed bioturbated chalk. In S14, the undeformed 
zones appear to be overturned, judging from the gen-
eral alignment of the biomottled fabric and the bifurca-
tion direction of Chondrites. In S12, a slightly deformed 
bioturbated zone is sharply based, which would not be 
the case if it represented the bioturbated top of a slump. 
Overturned and sharply based bioturbated zones rep-
resent undeformed boulders or plugs within slumps 
rather than the burrowed top of a slump. In other cas-
es, the zones appear to be correctly oriented and the 
boundaries are not preserved or marked by stylolites. 
Such zones may represent pelagic deposition between 
slump events or undeformed boulders. S6, S7, S10 may 
represent multiple events, and there are thus 14 –18 
slump events represented in the succession, and indi-
vidual slump units are 2 m to more than 42 m thick. 

Debrites appear to be the most common precursor 
facies involved in slumping and there are several pos-
sible explanations for this. The slump structures may 
have formed during the transition between fluid and 
plastic behaviour as an integral part of debris flow dep-

osition. Slumps and debris flows probably developed 
due to similar preconditions and triggers, meaning that 
they occur in the same temporal and spatial setting. 
Debrites lacked the efficient dewatering of more slowly 
deposited and bioturbated sediment, and were there-
fore more susceptible to renewed slope failure.
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Table 2.  Slump units: distribution and characteristics
 Depth Thickness Facies Precursor facies Remarks

S1 3426.56–3424.17 m 2.39 m 14 Pelagite/ Highly shear-deformed chalk with few and small 
 (11242 ft–1234 ft 2 in.)    turbidite succession  chalk clasts and deformed sandy packstone layers.
      Burrowed at top.
     
S2 3422.70–3420.52 m 2.18 m 13 Debrite Debrite shear-deformed on the sea floor (slump) 
 (11229 ft 4 in.–11222 ft 2 in.)  10  or in the subsurface by subsequent debris flow. 
      Capped by turbidite.     
    
S3 3420.52–3415.39 m 5.13 m 13 Debrite Basal shear surface and burrows at top. 
 (11222 ft 2 in.–11205 ft 4 in.)     Succeeded by four amalgamated mudflow units
         (Facies 9). 
      
S4 3398.14–3390.52 m 7.62 m 14 Pelagite? Highly shear-deformed slump with few and
 (11148 ft 9 in.–11123 ft 9 in.)  13  relatively small chalk clasts, suggesting a non-   
      debrite origin. Internal zone of less pronounced     
      deformation (Facies 13).     
   
S5 3382.90–3378.63 m 4.27 m 14 Debrite Basal shear zone.
 (11098 ft 9 in.–11084 ft 9 in.)  13 
 
S6 3323.52–3317.14 m 8.38 m 13 Lower half  One or two slump events. Possibly one large  
 (10910 ft 6 in.–10883 ft)  12 probably pelagite,  slump with internal zone/boulders of   
   14 upper part debrite bioturbated chalk, or three discrete   
       slumps separated by pelagic deposits. 
          
S7 3314.85–3307.69 m 7.16 m 14 Debrite Facies 1 unit appears to be inverted
 (10875 ft 6 in.–10852 ft)  13  suggesting it is a large clast within a 
   1  large slump. If not, the unit separates  
   10  two discrete flow units.  

S8  3307.08–3302.81 m 4.27 m 13 Pelagite Basal part of unit was probably 
 (10850 ft–10836 ft)  14  originally a debrite.
      Capped by turbidite.
 
S9 3282.39–3275.69 m 6.70 m 13 Debrite/ Basal shear zone. Capped by
 (10769 ft–10747 ft)  14 pelagite turbidite.
   9 succession 

S10 3275.46–3272.64 m 2.82 m 1 Pelagite Bioturbated interval (Facies 1) may  
 (10746 ft 3 in.–10737 ft)  13  represent pelagic deposition between
   14  two slump events, or an undeformed 
   3  plug or boulder within a single slump.
   
S11 3257.09–3250.01 m 7.08 m 14 Debrite
 (10686 ft–10662 ft 9 in.)

S12 3227.43–3216.81 m 10.62 m 14 Debrite/ Highly shear-deformed succession. Originally basal
 (10588 ft 8 in.–10553 ft 10 in.)  13 pelagite/ debrite and upper pelagic/turbidite interval. Facies 
   12 turbidite 12 interval shows sharp lower boundary, indicating
   10 succession that it represents a boulder within the slump. 
      
S13 3202-23–3188.00 m 14.23 m 13 Debrite
 (10506 ft–10459 ft 4 in.)  14
 

S14 3184.70–3142.49 m (min.) >42.21 m 12 Pelagite/ Bioturbated chalk intervals are 
 (10448 ft 6 in.–10310 ft)  14 debrite overturned. Several internal 
   13 succession discordant surfaces.
   1
   10
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Genetically related facies

Facies 1–4 (Table 1) are all interpreted to be the prod-
uct of pelagic deposition, possibly interrupted by depo-
sition of thin event beds, and are collectively termed 
pelagites. Facies 5–8 and Facies 11 are all interpreted 
as having been deposited by turbidity flows and are 
collectively termed turbidites. Facies 7 and 8 are inter-
preted as equivalent to the basal part of Facies 6, and 
Facies 5 is equivalent to the uppermost part of Facies 
6. Facies 7 and 8 thus, in theory, represent the most 
high-energy (or proximal) turbidites and Facies 5 the 
most low-energy (or distal) turbidites (Fig. 34). Facies 
2 (laminated chalk) may be incorporated into this 
scheme as representing the most distal or low-energy 
facies related to turbidity flows. Facies 11 was produced 
by down-slope evolution of debris flows (Fig. 25). Lim-
ited shear deformation produced distinctly deformed 
facies from which the precursor facies can still be de-
duced (Facies 12 and 13), whereas intense or continued 
shear deformation produced the shear-banded Facies 
14 from which the precursor facies cannot be deduced 
in all cases. Facies 9, 10 and all beds occurring within 
the 14 slump units were deposited by mass transport as 
defined by Moscardelli & Wood (2008) and are col-
lectively termed mass-transport deposits. 
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Facies 5 Facies 6 Facies 8Facies 7

Facies 8Facies 7

Facies 5

Facies 6

A

B

Fig. 34. Hypothetical relationship between turbidite Facies 5–8, interpreted to represent distance to source area (A) or variable basin 
gradients (B). 
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Facies associations and stratigraphic development

Facies associations

Three facies associations are defined on the basis of a 
dominant or characteristic group of facies. They com-
prise intervals dominated by pelagic deposits, mixed 
pelagite/turbidite intervals, and intervals dominated by 
mass-transport deposits.

Facies association 1 (pelagic chalk)

Description. Facies association 1 (FA 1) occurs in six 
intervals and makes up 26% of the Upper Cretaceous 
succession (Fig. 35, Plate 1). It is dominated by pelagic 
facies, mainly Facies 1 with subordinate Facies 2–4. 
Intrapelagic erosion surfaces are common in the lower 
part of the core and turbidites are rare and occur dis-
persed through the pelagic intervals. Mass-transport 
facies are very rare, and there appears to be no system-
atic ordering of facies within intervals belonging to this 
facies association. 

Interpretation. FA 1 represents prolonged periods of rel-
atively stable pelagic deposition, only rarely interrupted 
by redepositional or erosional events caused by bottom 
currents or benthic storms. Although the association 
accumulated mainly under well-oxygenated benthic 
conditions, dysoxic bottom conditions occurred peri-
odically. The rarity of redeposited facies indicates tec-
tonic quiescence and a low-gradient basin topography. 

Facies association 2 (turbiditic chalk)

Description. Facies association 2 (FA 2) occurs in two 
intervals and makes up 23% of the Upper Cretaceous 
succession (Fig. 35, Plate 1). It is represented by com-
mon to abundant turbidites, alternating with pelagites 
and rare to common mass-transport facies. Bioturbated 
chalk (Facies 1) is the most common pelagite, but lami-
nated chalk (Facies 3) dominates in the lowermost part 
of the lower interval and occurs locally throughout both 
intervals. Intrapelagic erosion surfaces are common in 

the upper part of the upper interval. Turbidites show 
an overall thinning-upward development, but shorter 
subintervals may show either thinning- or thickening-
upward trends. The dominant turbidite facies changes 
upwards from Facies 6 to Facies 7, to Facies 8 and fi-
nally to Facies 5 (Fig. 36). 

Interpretation. FA 2 represents a relatively dynamic 
depositional environment with pelagic deposition in-
terrupted by recurring slumps, turbidity, mud and 
debris flows. Benthic dysoxia occurred episodically, 
but most of the facies association accumulated under 
well-oxygenated benthic conditions. The association is 
interpreted to represent deposition in a basinal setting.

Facies association 3 (mass-transport chalk)

Description. Facies association 3 (FA 3) occurs in six 
intervals and makes up 51% of the Upper Cretaceous 
succession (Fig. 35, Plate 1). It is overwhelmingly domi-
nated by mass-transport facies with only a few occur-
rences of non-reworked pelagites and turbidites. De-
formed facies and debrites constitute most of FA 3, and 
most of the facies occur in inferred slumps. A system-
atic ordering of facies is not observed within intervals 
belonging to FA 3.

Interpretation. FA 3 represents debris flow, mudflow 
and intervening pelagic deposition, and all of the re-
sultant facies were commonly reworked into slumps. 
The association is interpreted to represent relatively un-
stable periods of the depositional history. 

Facing page:
Fig. 35. Simplified log of the studied succession showing the 
distribution of facies associations and the subdivision into strati-
graphic intervals a–e discussed in the text. Alb.: Albian. Cen.: 
Cenomanian. Camp.: Campanian.
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association Description Interpretation

3184.70 m
(10448 ft 6 in.)

3191.05 m
(10469 ft 4 in.)

3202.23 m 
(10506 ft)

3216.81 m
(10553 ft 10 in.)

3257.09 m
(10686 ft)

3272.64 m
(10737 ft)

3282.39 m
(10769 ft)
3290.77 m
(10796 ft 6 in.)

3301.70 m
(10832 ft 4 in.)

3324.10 m
(10905 ft 10 in.) 

3352.11 m
(10997 ft 9 in.) 

3411.55 m
(11192 ft 9 in.)

3440.58 m
(11288 ft)

FA 3

FA 3

FA 3

FA 3

FA 3

FA 3

FA 2

FA 2

FA 1

FA 1

FA 1

FA 1

FA 1

FA 1

Upward transition from 
laminated marl to bioturbated
marly chalk.

Dominated by debrites, mud 
flow deposits, and deformed 
facies. Also minor pelagites and
turbidites.

Pelagites alternating with common 
turbidites and some mass-transport
deposits. Turbidites show an 
overall thinning-upward trend 
and an upward change from 
dominantly high-energy to low-
energy turbidite facies; individual
intervals bounded by mass-transport 
facies commonly show opposite 
trends.

Pelagites with some intrapelagic 
erosion surfaces, turbidites and 
thin debrites.

Dominated by mass-transport 
deposits alternating with 
pelagites. Turbidites are very 
rare and deformed facies 
become increasingly 
dominant and thicker upwards.

Pelagic deposition 
interrupted by increasingly 
large and frequent mass- 
transport events.

Relatively quiet deposition 
in a low-gradient basin. 

Deposition of prograding 
and aggrading intervals 
during gradually decreasing 
basin gradients. 

At least eight discrete mass- 
transport events, probably 
due to uplift of the Mona 
Ridge.

Hemipelagic/pelagic deposi-
tion. Increasing oxygenation 
and reduced influx of silici-
clastic material.

e

d

c

b
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Stratigraphic development

The succession belongs to the Upper Cretaceous with 
the exception of the lowermost 1.8 m (Bailey et al. 
1999) (Fig. 35, Table 3). The cored section extends up-

wards to 9.73 m below the Cretaceous–Tertiary bound-
ary, which is reported to occur at 3132.7 m (10 278  ft) 
(Bailey et al. 1999). The biostratigraphical zonation 
defined by Bailey et al. (1999) was calibrated to the 
chronostratigraphic scheme of Ogg et al. (2004). More 
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Fig. 36. A: Cumulative thickness of pelagites, turbidites, mudflow deposits, debrites and slumps. Note the upward change from mixed 
deposits to pelagite-dominated deposits and to slump-dominated deposits with intervening pelagites. Debrites are under-represented in 
this plot as they were typically incorporated into slumps. B: Cumulative thickness of turbidites. Note the upward change in the dominant 
facies from Facies 6 through 7 and 8 to 5. This suggests a prograding to aggrading basin development, but note that according to Bailey 
et al. (1999) this interval spans a considerable hiatus (compare with Figs 34, 37). C: Thickness of turbidites (left panel) and occurrences 
of individual turbidite facies and intrapelagic erosion surfaces (IPES) (right panel). The plot illustrates the overall upward decreasing im-
portance of turbidites, and the right panel shows that the upward change in dominant facies illustrated in B is succeeded by an increase in 
the occurrence of intrapelagic erosion surfaces. Stratigraphic intervals a–e from Fig. 35
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than half of the time represented by the studied suc-
cession is represented by hiatuses, and little more than 
10% of the time is represented by pelagic deposits (Fig. 
37). The pelagic intervals show common signs of ero-
sion and the remaining succession is composed of event 
deposits, which can be considered to have formed geo-
logically instantaneously. This implies that 90% of the 
Late Cretaceous Epoch is not represented in the succes-
sion. There is, however, great uncertainty involved in 
applying biostratigraphical markers within a succession 
that is strongly influenced by redeposition. Based on 
the available data, however, the succession is subdivid-
ed into five intervals (a–e on Figs 35–37, 39):

 (a) The lower 5.5 m of the succession (3446.1–3440.6 
m, 11 306 ft – 11 288 ft) belongs to FA 1 and is of 
latest Albian – Cenomanian age (Fig. 35). The in-
terval shows an upward transition from laminated 
marl (Facies 4) to bioturbated marly chalk (Facies 
2), which is interpreted to represent increased ben-
thic oxygenation, enhanced production of pelagic 
carbonate and reduced siliciclastic influx. 

(b) This is succeeded by a 29 m thick interval 
(3440.6–3411.6 m, 11 288 ft – 11 192 ft 9 in.) be-
longing to FA 3 and referred to the Cenomanian – 
late Campanian age range. It represents at least 

eight individual mass-transport events, including 
a debrite with boulders of the older marly chalk 
in a matrix derived from relatively shallow-water 
carbonates, as well as two turbidites and minor in-
tervening pelagites. This interval is interpreted to 
represent significant tectonic activity and uplift of 
the Mona Ridge. Non-deposition or erosion thus 
characterised the Cenomanian – late Campanian 
interval, only interrupted by mass-transport events 
(Fig. 38A, B). The overall accumulation rate for 
the period is 0.1 cm/ka, never exceeding 0.3 cm/
ka, with pelagic accumulation being an order of 
magnitude lower. For comparison, Chalk Group 
accumulation rates average around 2–2.5 cm/ka 
and may reach 12 cm/ka (Ehrman 1986; Schön-
feld et al. 1996; Surlyk et al. 2003). The Cenoma-
nian – late Campanian thus represents 24 Ma 
characterised by sediment bypass or erosion, with 
deposition being almost exclusively by mass trans-
port (Fig. 38C).

(c) The overlying 59.4 m thick interval (3411.6–
3352.1 m, 11 192 ft 9 in. – 10 997 ft 9 in.) of late 
Campanian – early Maastrichtian age is a com-
plex succession belonging to FA 2 in which nearly 
all facies recognised are represented. Pelagic facies 

Table 3. Chronostratigraphic subdivision*
Chronostratigraphy

upper Maastrichtian (UC20)†

upper Maastrichtian (UC19)

Depth Age (Ma)

3132.73 m (10278 ft) 

3288.79 m (10790 ft)

3332.23 m (10932 ft 6 in.)

65.5

68.6

69.2
lower Maastrichtian (UC18)

3386.56 m (11110 ft 9 in.) 70.4
upper Campanian – lower Maastrichtian (UC17)

3416.20 m (11110 ft 9 in.) 75.2
upper Campanian (UC16)

3386.56 m (11208 ft) 75.8
lower Santonian – upper Campanian (UC12–15) 

3416.20 m (11208 ft) 84.5
middle Coniacian – lower Santonian (UC10–11)

3426.56 m (11242 ft) 88.0 
Turonian – middle Coniacian

3426.56 m (11242 ft) 93.5
Cenomanian

3444.09 m (11299 ft 6 in.) 99.6

*Subdivision based on the biostratigraphic analysis of Bailey et al. (1999) with the addition of chronometric ages from Ogg et al. (2004)
†UC = Upper Cretaceous nannofossil zones from Burnett (1998)
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are dominated by bioturbated chalk (Facies 1), 
but laminated chalk (Facies 3) occurs sporadically 
throughout and dominates the lowermost part, 
which may be interpreted as a shallowing-upward 
trend. Turbidites are common to abundant and 
show a general thinning-upward trend (Fig. 36), 
which is interpreted to represent gradually decreas-
ing sea-floor topography during progressive basin 
filling. It should be noted that this interval encom-
passes a nearly five million-year hiatus according 
to the available biostratigraphy. Thus, it cannot 
be determined if the lithological interval repre-
sents completely separate depositional systems or 
a long-term depositional development interrupted 
by significant erosion. On a smaller scale, sub-
intervals showing either thickening- or thinning-
upward trends represent prograding or aggrading 
trends superimposed on the general development. 
The terms prograding and aggrading are used here 
to describe the architectural development of the 
basin-fill, with no implications concerning the 
position of basin margins or shorelines. There is 
an upward change in the dominance of the dif-
ferent turbidite facies in the order: Facies 6, 7, 8, 
and 5, which is interpreted to represent an increase 
in turbidity flow energy in the lower part of the 
interval and a gradual decrease in turbidity flow 
energy in the remainder of the interval (Fig. 34). 
The stratigraphical development of turbidite facies 
suggests an initial rapid basinward shift of facies 
due to prograding basin infill, which represents a 
short period with a relatively high sedimentation 
rate (4.9 cm/ka) in the late Campanian. This was 
followed by five million years with non-deposition 
or erosion and subsequent gradual shift towards 
more low-energy turbidite facies and to aggrading 
basin infill. Intrapelagic erosion surfaces become 
common in the upper part of the interval.

(d) The overlying 28 m thick interval (3352.1–3324.1 
m, 10 997 ft 9 in. – 10 905 ft 10 in.) of early – late 
Maastrichtian age belongs to FA 1 and is domi-
nated by bioturbated chalk with some intrapelagic 
erosion surfaces, relatively rare turbidites and thin 
debrites. This interval is interpreted to represent 
relatively quiescent tectonic conditions in a low-
gradient basin setting.

(e) The remaining 181 m of the studied succession 
essentially comprises bioturbated chalk and mass-

Fig. 37. Simplified log of the studied succession plotted against 
time. More than half of the Late Cretaceous time interval is repre-
sented by hiatuses, and only 10% is represented by pelagites.
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transport facies of late Maastrichtian age, intervals 
referred to FA 1 and FA 3. The only exception is a 
10.9 m thick interval (3301.7–3290.8 m, 10 832 ft 
4 in. – 10 796 ft 6 in.), which belongs to FA 2 and 
consists of bioturbated chalk, mudflow deposits, 
thin laminated chalk units, some turbidites and 
debrites. By far the greater part of the succession 
accumulated in this period (Fig. 39), when bulk 
accumulation rates were as high as 7.2 cm/ka, and 
pelagic accumulation rates were up to 3.6 cm/ka. 
The late Maastrichtian was thus characterised by 
relatively quiet pelagic deposition interrupted by 
large-scale redeposition events. The upward thick-
ening and increasing abundance and dominance 
of slumps, and probably also debrites, may be due 
to a progressively shorter distance to the source 
and deposition further up the flank of the basin 
margins, or to a gradual increase in the frequency 
and intensity of triggering events.

The stratigraphic development may thus be sum-
marised as follows: (a) a latest Albian – Cenomanian 
gradual shift from dominantly hemipelagic, siliciclastic 
to dominantly pelagic carbonate deposition; (b) a long 
Cenomanian – late Campanian period associated with 
tectonic activity and mass transport; (c) late Campa-
nian – early Maastrichtian basin filling dominated by 
pelagic and turbidite deposition; (d) early – late Maas-
trichtian basin filling dominated by pelagic deposi-
tion; (e) late Maastrichtian basin filling interrupted by 
increasingly frequent and voluminous mass-transport 
deposition.
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Fig. 38. Cumulative thickness plotted against time for the whole 
succession (A), pelagites (B) and genetic units (C). Numbers on 
the curves are accumulation rates in cm/ka. The plots illustrate 
how most of the succession accumulated during the Maastricht-
ian, whereas little is preserved from deeper intervals of the Upper 
Cretaceous. The low accumulation rates during the Cenomanian–
Campanian probably reflect the presence of numerous hiatuses 
below chronostratigraphic resolution. Cen.: Cenomanian. Tur.: 
Turonian. Con.: Coniacian. Sa.: Santonian. Camp.: Campanian. 
Maastr.: Maastrichtian. 
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Discussion

Basin development and depositional 
history

The earliest Cenomanian was characterised by the 
transition from marl to chalk deposition, interrupted 
by mass-transport events, probably caused by uplift 
of the Mona Ridge (Figs 40A, 41A) associated with 
the basin inversion which shifted the local depocen-
tre eastwards from the Jeppe Basin to the Karl Basin 
(Vejbæk & Andersen 2002). Less than 30 m of sedi-
ment, largely mass-transport facies, are preserved in 
the Cenomanian – upper Campanian succession, in-
dicating that the Mona-1 area was subjected to con-
tinuous or pulsed removal of sediments due to uplift 
of the Mona High and subsidence of the Karl Basin 
in which deposition was focussed. The Karl Basin was 
filled during the late Campanian and deposition con-
tinued across the Karl Basin, the Mona High area and 
the Jeppe Basin. During this period, the Mona-1 area 
was subject to rapid accumulation of pelagic chalk, 
thin mass-transport chalk, and interbedded turbidites 
in an overall prograding pattern (Figs 40B, 41B). The 
absence of the upper Campanian – lower Maastricht- 
ian nannofossil biozone UC17 may indicate erosion 
due to an inversion pulse (Vejbæk & Andersen 2002) or 
a significant sea-level drop (Fig. 42) near the Campa-
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c. 1 km

Maastrichtian

Lower Cretaceous

Cenomanian–Campanian

pre-Cretaceous

Karl BasinJeppe Basin
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C

B

A

Fig. 40. Interpreted basin evolution based on sedimentological in-
terpretation and seismic section (see Fig. 3). White dashed lines 
illustrate general reflection patterns, black dashed line represents 
approximate base of the prograding upper Campanian succession. 
A: Basin configuration in the latest Early Cretaceous, showing 
the Lower Cretaceous to be largely restricted to the Jeppe Basin. 
B: Basin configuration in the latest Campanian resulting from 
Cenomanian–Campanian relative uplift of the Mona Ridge and 
subsidence of the Karl Basin. The dashed black line represents 
the approximate onset of prograding pelagite/turbidite deposition 
across the Mona Ridge. Older deposits form a thick succession in 
the Karl Basin, but are only represented by 30 m of mass-transport 
deposits and minor pelagites on the Mona Ridge. C: Basin config-
uration in the latest Maastrichtian. The Maastrichtian succession 
consists of a lower aggrading pelagite/turbidite part and an upper 
part which is dominated by mass-transport deposits. 
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nian–Maastrichtian boundary. An aggrading pelagic/
turbidite succession was deposited at the margin of the 
Karl Basin at Mona-1 during the early Maastrichtian, 
followed by pelagic and debris flow deposition with re-
current large-scale slumping during the late Maastricht- 
ian, probably due to inversion and uplift of the highs 
east of the Karl Basin (Figs 40C, 41C).

It is tempting to link the depositional history to tec-
tonic phases or sea-level variations. Both have probably 
exerted a major influence on the depositional processes 
and patterns, but it should be noted that the studied 
succession is characterised by hiatuses and redeposited 
units so that almost any postulated sea-level or tec-
tonic event could be roughly correlated to a previously 
reported event. There are few other wells available in 

A

B

C

Fig. 41. Interpretation of basin development during the 
Late Cretaceous in the Mona-1 area. A: Cenomanian–
Campanian. The Mona-1 area was subjected to continu-
ous or pulsed erosion due to uplift of the Mona Ridge 
or subsidence in the Karl Basin. Only 30 m of sediment, 
mainly mass-transport deposits are preserved in Mona-1. 
The transport direction is speculated to be eastward 
because Mona-1 is situated slightly eastward, down-slope 
from the culmination of the Mona Ridge.  B: Campa-
nian – early Maastrichtian. The Karl Basin was filled 
and the Mona-1 area was subject to rapid accumulation 
of a prograding sequence of turbidites and pelagites, 
perhaps interrupted by an inversion pulse at the Campa-
nian–Maastrichtian boundary. C: Late Maastrichtian. 
Inversion and uplift of the highs east of the Karl Basin 
caused the depositional environment in the Mona-1 area 
to be dominated by debris flows and recurrent large-scale 
slumping.
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Kominz et al. (2008). 
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Fig. 42. Simplified log of the studied succession plotted 
with the eustatic sea-level curves of Haq et al. (1987) and 
Kominz et al. (2008). The curve of Kominz et al. (2008) 
has been simplified for clarity and does not show the mar-
gin of error or the origin of the data as in the original 
version.
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the study area, and no drill cores covering the Chalk 
Group. Attempts at linking chalk facies to well-log pat-
terns have yielded rather unconvincing results, which 
inhibit the correlation of depositional patterns to other 
wells. Thus, further data and studies are required to 
place the depositional history of the Mona-1 succession 
within a regional framework on other than the most 
general level as outlined above.

Stacking pattern and predictability 

Nygaard et al. (1983) proposed a model for the spatial 
and/or temporal evolution of chalk redeposition pro- 
cesses, inspired by Middleton & Hampton (1976). 
According to the model, flow transformation causes 
gravity flows to evolve from slide/slump via debris 
flow and mudflow to turbidity flow. The vertical or-
der of redeposited facies in chalk successions is gen-
erally considered chaotic and unpredictable (Surlyk et 
al. 2003), which may have several causes: (1) the re-
deposition processes are line sourced, (2) the redeposi-
tion processes may be initiated at any location on the 
slope, (3) the dimensions of mass-transport flows are 
highly variable ranging from small and local to enor-
mous regional-scale events, (4) down-slope flow trans-
formation is highly variable and non-systematic, and 
(5) different flow conditions may co-exist within a 
single flow, so that one part of the resulting deposit 
will be recognised as a slump deposit, whereas another 
part will be characterised as a debrite. Even if all these 
causes are valid, there should be a certain probability 
of encountering particular facies on a particular part of 
the slope; slumps should thus be more common in the 
up-slope direction. The Chalk Group in Mona-1 shows 
a well-defined stacking pattern, although punctuated 
by numerous hiatuses, comprising a lower basinal suc-
cession characterised by a prograding and aggrading 
turbidite development, overlain by a slope succession 
dominated by thick slumps and debrites. If similar pat-

terns exist in other chalk settings they may not have 
been recognised for a number of reasons. Mona-1 is 
an abnormally long core spanning almost the entire 
Chalk Group, whereas most cores are much shorter and 
perhaps cover too little of the succession to detect a 
subtle upward trend in facies evolution. The turbidites 
defining the prograding/aggrading pattern constitute 
volumetrically minor parts of the succession, and the 
debrites and slumps were most probably line-sourced. 
Thus, neither turbidites nor mass-transport facies pro-
duced geomorphological and bathymetrical elements 
that were sufficiently dramatic to allow recognition in 
seismic profiles. 

Knowledge about the spatial geometry of the mass-
transport complexes is imperative for the further devel-
opment of a predictive tool. Well logs, principally sonic 
logs, have been utilised to delineate the distribution of 
mass-transport complexes in the North Sea chalk (Hat-
ton 1986). The apparent relationship between mass-
transport facies and high porosity was extended to the 
assumption that high-porosity intervals, as revealed by 
high sonic log values (low velocity), could be taken to 
represent mass-transport facies, thus involving a cer-
tain degree of circular reasoning. This implies that the 
depositional process is the only or dominant influence 
on porosity, which is clearly an invalid assumption. Al-
most all correlations of Hatton (1986) were apparently 
made between wells with no core control of facies. It 
was further assumed that high-porosity intervals in 
wells more than 20 km apart were laterally connect-
ed. In other words, if the high-porosity zones did in 
fact represent mass-transport facies, it was apparently 
further assumed that they represented the same sedi-
mentary body. Such conclusions thus have far-reaching 
significance for the understanding of the depositional 
system, but they may be based on invalid assumptions. 
Further refinement of geophysical methods and greater 
integration with sedimentological data are necessary in 
order to constrain the spatial geometries and connec-
tivity of redeposited chalk bodies.



5757

Conclusions

This analysis of chalk in the exceptionally well-cored 
Mona-1 borehole has resulted both in the detailed doc-
umentation and interpretation of a wide spectrum of 
facies types and in the elucidation of the depositional 
evolution of the Mona Ridge area in the Late Creta-
ceous.

(a) The 303 m thick chalk Upper Cretaceous succes-
sion in the Mona-1 core comprises 14 facies repre-
senting pelagic deposition, slumping, debris flow, 
mudflow and turbidity flow.

(b) Pelagic sedimentation probably took place by pe-
lagic fall-out alternating with deposition of thin 
event beds, and the deposits were thoroughly bio-
turbated if deposited during periods of full oxy-
genation of the benthic realm.

(c) Four turbidite facies are recognised and interpret-
ed as having formed by resuspension of unconsoli-
dated chalk ooze on a slope; these different tur-
bidite facies may be related in a high-to-low energy 
framework. 

(d) Clast-supported chalk conglomerates are interpret-
ed to have been directly related to the down-slope 
evolution of debris flows, which are represented by 
matrix-supported conglomerates.

(e) Most structureless chalk units were deposited by 
high-concentration, gravity-driven mudflows, but 
some burrowed structureless units may have been 
deposited by rapid fall-out from high-concentra-
tion suspension flows. 

(f) Limited shear deformation produced distinct qua-
si-facies from which the precursor facies can be de-
duced, whereas intense or continued shear defor-
mation produced a shear-banded quasi-facies from 
which the precursor facies cannot be interpreted in 
all cases.

(g) More than 40% of the succession was affected by 
slumping; 14 –18 slump events are recognised, and 
debrites appear to be the most common precursor 
facies involved in slumping.

(h) The stratigraphic evolution of facies records: (1) 
a gradual shift from dominantly hemipelagic sili-
ciclastic to dominantly pelagic carbonate deposi-
tion in the earliest Cenomanian, interrupted by 
mass transport and probably uplift of the Mona 
Ridge; (2) continuous or pulsed erosion and associ-
ated mass transport, probably due to uplift of the 
Mona Ridge, and filling of the Karl Basin during 
the Cenomanian – late Campanian; (3) pelagic 
and prograding turbidite basin filling in the late 
Campanian; (4) probable uplift and erosion of the 
Mona Ridge close to the Campanian–Maastricht-
ian boundary; (5) aggrading basin filling domi-
nated by pelagic deposition interrupted by increas-
ingly frequent and voluminous mass-transport 
deposition during the Maastrichtian.
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