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Stratigraphy and petrophysical characteristics of Lower 
Paleocene cool-water carbonates, Faxe quarry, Denmark

JENS MARTIN HVID, FRANS VAN BUCHEM, FRANK ANDREASEN, EMMA SHELDON  
& IDA LYKKE FABRICIUS

Hvid, J.M., van Buchem, F., Andreasen, F., Sheldon, E. & Fabricius, I.L. 2021. Stratig-
raphy and petrophysical characteristics of Lower Paleocene cool-water carbonates, 
Faxe quarry, Denmark. Bulletin of the Geological Society of Denmark, Vol. 69, pp. 
97–121. ISSN 2245-7070. https://doi.org/10.37570/bgsd-2021-69-07

The Faxe limestone quarry in eastern Denmark exposes Danian (Lower Paleocene) 
cool-water carbonate deposits. They constitute remnants of an apparent build-up 
that covers about 12 km2 today. The Danian deposits at Faxe are conspicuous due 
to their pronounced thickness of coral limestone relative to the regional carbonate 
system. In the Faxe quarry, scleractinian corals are uniquely exposed in up to 30 m 
high mounds. The rapid accumulation of scleractinians combined with induration 
of the mounds may locally have protected the limestone from Quaternary glacial 
erosion and created a Danian thickness anomaly at Faxe. The position of Faxe above 
a local fault-bounded basement high and the extent of coral limestone has been 
better defined by new mapping. A mapped lithostratigraphic surface in the quarry 
reveals the large-scale organisation of nested bryozoan mounds on three elongated 
ridges striking NW–SE. The main scleractinian coral mounds are located above this 
horizon. Data for reservoir characterisation, mainly of the bryozoan mounds, were 
collected as photographs of the outcrop, petrophysical and petrographical data 
from cored boreholes, and as ground-penetrating radar sections. Old boreholes and 
measured sections were used to reconstruct the build-up, and new nannofossil data 
allow a discussion of stratigraphy and accumulation rate. The petrophysical data 
show that common mound-building bryozoan packstone has higher permeability 
and lower capillary entry pressure than chalk, whereas less commonly occurring 
grain-dominated packstone and grainstone deposits from local higher-energy sites 
of the mound complex were found to have reduced amounts of coccolith mud, 
significantly higher permeability and a higher degree of lithification. Based on 
biostratigraphic age constraints, correlation of flint – limestone couplets and recog-
nised hierarchical patterns, we develop a cyclostratigraphy for the middle Danian 
and suggest that cyclicity in lithology and petrophysical characteristics of bryozoan 
limestone are controlled by precession and eccentricity of the orbit of the Earth. 

Keywords: Bryozoan limestone, cyclostratigraphy, Danian, mounds, porosity, 
permeability, structure maps.

Jens Martin Hvid [jens.martin.hvid@lyse.net], Technical University of Denmark, Depart-
ment of Civil Engineering, DK-2800 Kgs. Lyngby, Denmark; present address: Vågedals-
veien 43, 4020 Stavanger, Norway. Frans van Buchem [fransvanbuchem@gmail.com], 
King Abdullah University of Science and Technology (KAUST), Thuwal 23955, Saudi 
Arabia. Frank Andreasen [radarteknik@yahoo.com], Nakskovvej 16, DK-4000 Roskilde, 
Denmark. Emma Sheldon [es@geus.dk], Geological Survey of Denmark and Greenland, 
Øster Voldgade 10, DK-1350, Copenhagen K, Denmark. Ida Lykke Fabricius [ilfa@byg.
dtu.dk], Technical University of Denmark, Department of Civil Engineering, DK-2800 
Kgs. Lyngby, Denmark.

Corresponding author: Ida Lykke Fabricius.

Received 20 January 2020
Accepted in revised form 
3 May 2021
Published online 
XX September 2021

© 2021 the authors. Re-use of material is 
permitted, provided this work is cited. 
Creative Commons License CC BY: 
https://creativecommons.org/licenses/by/4.0/

BULLETIN OF THE GEOLOGICAL SOCIETY OF DENMARK · VOL. 69 · 2021

Geological Society of Denmark
https://2dgf.dk



98     ·     Bulletin of the Geological Society of Denmark

2). During the last 150 years most geological literature 
concerning Faxe quarry has focused on palaeontologi-
cal aspects of the limestone (Gravesen 2001; Schnetler 
& Milàn 2017; Schrøder & Surlyk 2019) and few studies 
have documented the general geology. These studies 
are mostly directed at the coral limestone (Johnstrup 
1864; Floris 1979, 1980; Bernecker & Weidlich 1990, 
2005; Willumsen 1995; Sigurdsson & Overgaard 1998; 
Lauridsen et al. 2012; Bjerager et al. 2017). A review of 
the geology of Faxe quarry was published by Surlyk 
& Håkansson (1999).

The closest modern analogue to the cool-water coral 
mounds at Faxe are mounds formed by the scleractin-
ian coral Lophelia pertusa in siliciclastic and carbonate 
environments on continental shelves in the Straits of 
Florida and in the North Atlantic, particularly along 
shelf breaks (Hovland & Mortensen 1999; Freiwald et 
al. 2004; Buhl-Mortensen et al. 2015). However, modern 
or ancient massive cool-water coral limestone mounds 
intercalated with bryozoan limestone mounds, such 
as those at Faxe, have not been found outside the 
Danish Basin.

The purpose of this paper is to present the mound 
complex at Faxe from a reservoir geological per-
spective by providing a framework of depositional 
structures and middle Danian stratigraphic units 

In the North Sea Basin, Upper Cretaceous – Lower 
Paleocene (Danian) chalk form reservoirs for oil and 
gas (e.g. Andersen 1995; van Buchem et al. 2018). It 
is noteworthy that in the adjacent Danish Basin, the 
Danian chalk grades into bryozoan limestone towards 
the south-east (Thomsen 1995). These coarse-grained 
bryozoan limestones have better reservoir proper-
ties than the North Sea chalks, however the Danish 
Basin is not a hydrocarbon province. The bryozoan 
limestone is found at shallow depths in many areas of 
Denmark and south-western Sweden and is exposed 
at several localities, most conspicuously in the coastal 
cliffs of Stevns Klint and in the Faxe limestone quarry 
(Fig. 1). The Limhamn quarry in south-western Swe-
den exposes limestones of lower, middle and upper 
Danian age (Brotzen 1959; Nielsen et al. 2009). Faxe 
quarry and Stevns Klint (Desor 1846) comprise the 
classical type localities of the Danian. 

The Danian limestone at Faxe constitutes biogenic 
deposits of bryozoan limestone and coral limestone 
interpreted to have been deposited in a cool sea at 
water depths of 200–300 m (Bernecker & Weidlich 
1990, 2005). The middle Danian bryozoan limestone 
at Faxe is part of the Stevns Klint Formation (Surlyk 
et al. 2006), whereas the coral limestone makes up the 
Faxe Formation defined by Lauridsen et al. (2012; Fig. 
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Fig. 1. Map showing the location of Faxe 
quarry, main facies distribution and occur-
rences of middle Danian cool-water coral 
limestone in the Danish Basin. The inset 
palaeogeographic map of the late middle 
Danian of northwest Europe is modified 
after Bjerager et al. (2017). 
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illustrated in maps and sections. Old and new data 
are integrated in order to map external and internal 
geometry of the limestone build-up, and petrophysical 
properties of Danian limestone deposits are integrated 
with petrographic data. The study has the potential to 
improve hydraulic modelling of Danian limestone aq-
uifers and hydrocarbon exploration in Danian mounds 
in the North Sea Basin (Surlyk et al. 2003). The spatial 
organisation of the mound complex comprising coral 
and bryozoan limestone is addressed based on data 
from outcrops, boreholes and ground-penetrating 
radar. New biostratigraphic data combined with 
petrophysical data and correlation of flint horizons 
are used to investigate the cyclic stratigraphy of the 
bryozoan limestone.

Regional geological setting
The Danish Basin developed as a NW–SE-trending 
Triassic rift basin, approximately 100 km by 200 km 
in size, bounded by the Baltic Shield to the north-east 
and the Ringkøbing–Fyn High to the south-west (Fig. 
1). Deposition of mud, sand and carbonate continued 
until the end of the Early Cretaceous. The Danish 
Basin together with other north European basins ac-
commodate the Upper Cretaceous – Lower Paleocene 
(Danian) carbonates (Gale 2002), mainly chalks of the 
Chalk Group (Knox & Holloway 1992; Johnson & Lott 
1993; van Buchem et al. 2018). Outcrops towards the 
eastern margin of the Danish Basin (Fig. 1) contain 
cool-water calcareous benthic faunas dominated by 
bryozoans, molluscs and sponges, occasionally with 
cool-water coral limestone associated with bryo-
zoan limestone and deposited below the photic zone 
(Bjerager & Surlyk 2007a, b). The siliceous spicular 
skeletons of the sponges were probably dissolved and 
re-precipitated as flint nodules parallel to the bedding 
(Bromley 1967; Surlyk 1997). 

The Danian depocentre was situated in the central 
part of the Danish Basin, where limestone deposits, 
mainly of chalk are up to 300 m thick (Thomsen 1995). 
Danian limestone directly underlies Quaternary 
glacial deposits along the Sorgenfrei–Tornquist zone 
and on the eastern part of the Ringkøbing–Fyn High 
(Fig. 1). Outcropping Danian bryozoan limestone is 
commonly observed as 50–100 m wide asymmetric 
mounds with a vertical relief of 5–10 m. Asymmetric 
lower Danian bryozoan mounds are characterised 
by relatively thick beds and highly dipping southern 
flanks, probably reflecting southward migration of the 
bryozoan mounds against the direction of the marine 
current (Thomsen 1976, 1983; Bjerager & Surlyk 2007a, 
b). Middle Danian mounds exposed in horizontal sec-
tions at Hanstholm in north-western Jylland indicate 
a south-eastern direction of migration (Thomsen 
1983, his fig. 3). The two localities show closely spaced 
bryozoan mounds with elliptical geometry in planar 
view, with their long axes on average striking 60° at 
Hanstholm and 110° at Stevns Klint.

Danian colonial corals have been found within 
bryozoan limestone at a number of localities in Den-
mark and south-western Sweden. The main locality is 
at Faxe quarry (Floris 1980; Bjerager et al. 2010; Fig. 1). 
The second largest concentration of coral limestone is 
located in the area of the Limhamn quarry, and nearby 
below the seabed in the Øresund strait a 20 m thick 
and 200 m wide coral limestone body was indicated 
on seismic data and sampled in boreholes (Bjerager et 
al. 2010). Observations of coral limestone are reported 
from 23 boreholes in southern Sjælland within a few 
tens of kilometres from Faxe quarry (Fig. 3; Table 
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Danish Basin (Stenestad 1976; Surlyk et al. 2006; modified after 
Lauridsen et al. 2012).



100     ·     Bulletin of the Geological Society of Denmark

Quaternary re-burial due to glaciations (Japsen & 
Bidstrup 1999). Observations of deformed and crushed 
flint bands in Faxe quarry indicate that glaciotectonic 
deformation has taken place (Surlyk & Håkansson 
1999). The presence of fractures induced by exhuma-
tion and by glacial tectonics must have increased the 
permeability of the Danian limestone aquifer on a 
regional scale. This has been demonstrated near the 
small Karlstrup quarry 30 km north of Faxe, where the 
permeability is higher by two orders of magnitude in 
the upper 10 m of the limestone compared with deeper 
unfractured levels (Jakobsen et al. 1993). 

 

1). In eight of the boreholes, drillers have described 
rock samples as coral limestone without scientific 
documentation (Table 1). The only occurrences of coral 
limestone confirmed from southern Sjælland outside 
the Faxe mound complex are those at Herlufsholm 
and Spjellerup (Ødum 1937). Rosenkrantz (1937) re-
garded blocks of coral limestone on the beach by the 
lighthouse at Stevns Klint as probably middle Danian 
in age (Fig. 3).

Regional modelling of the burial history of the 
Danish Basin suggests a Neogene exhumation of c. 500 
m in southern Sjælland, possibly followed by minor 
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Four main lithofacies have been distinguished in the 
quarry: (1) bryozoan limestone with flint, (2) cool-
water hexacoral limestone, (3) cool-water octocoral 
limestone and (4) bryozoan grainstone without flint. 

1. Bryozoan limestone with flint mainly has a 
packstone texture and forms asymmetrical mounds 
with lenticular or sheet-like flint horizons parallel to 
bedding. This limestone is cream coloured, weakly 
laminated or partly bioturbated (Floris 1979). 

2. The term hexacoral limestone is used here for 
azooxanthellate scleractinian limestone developed as 
lithoherms (Willumsen 1995). It is a coral boundstone-
rudstone forming mounds with geometry controlled 
by early lithification. Willumsen (1995) identified a 
cyclic pattern in the early lithification. The indura-
tion varies from unlithified to strongly cemented. 
Local leaching of corals has been interpreted as be-
ing caused by late meteoritic diagenesis (Weidlich 
& Bernecker 1991). Hexacoral limestone dominated 
the exposed deposits when the quarry was described 
at an early stage of excavation, and an older and 

The Faxe locality
Faxe quarry is located on the north-eastern flank of 
the Ringkøbing–Fyn High (Fig. 1). At this locality, as 
in southern Sjælland in general, the dominant Lower 
Paleocene lithology is bryozoan limestone in strata 
with a rather complete suite of nannofossil zones 
present in the lower and middle Danian (Thomsen 
1995). The up to 40 m high walls bounding the Faxe 
quarry expose mounded limestone of middle Danian 
age (Surlyk & Håkansson 1999). Individual mounds 
are 50–100 m in diameter and are composed of 
either bryozoan limestone or cool-water coral lime-
stone (Bernecker & Weidlich 1990, 2005). A cored 
groundwater well 217.26B from 1936 found Fiskeler 
Member and Cerithium Limestone Member above 
Maastrichtian chalk of the Møns Klint Formation 
and overlain by interbedded hexacoral and octocoral 
limestone of early Danian age (Rosenkrantz 1937). A 
hiatus above Cerithium Limestone as found at Stevns 
Klint (Rasmussen et al. 2005) could be present at Faxe. 

Table 1. Boreholes on southern Sjælland penetrating lithology reported as coral limestone

Coordinates and reports for each borehole are available from Jupiter, the national well database
(https://www.geus.dk/produkter-ydelser-og-faciliteter/data-og-kort/national-boringsdatabase-jupiter)
Coral limestone thickness is confirmed by geologists from the Geological Survey of Denmark and Greenland and described by borehole
drillers.
*: Drillers’ description of rock as coral limestone is considered unreliable.

DGU Year Location Approx. dist. Coral limestone Lithology above/ Driller
borehole drilled  direction from thickness (m) below coral
   Faxe quarry  limestone

220.3 1907 Spjellerup 37 km, west 5 clay/chalk Unknown
220.4 1907 Spjellerup 37 km, west 5 clay/chalk Unknown
221.52C 1918 Herlufsholm 25 km, west 8 brz. lst./brz. lst. Unknown
217.26B 1936 Faxe brewery 0.5 km, NW 13 brz. lst./Cerithium lst. Brøker-Sørensen
222.33 1939 Stubberup 0.5 km, SW 38* clay/chalk Brøker-Sørensen
217.178 1944 Viverup 5 km, NW 12* brz. lst./brz. lst. Christiansen
222.121 1950 near Faxe q. 0.2 km, SW 2 clay/brz. lst. Christiansen
222.3f 1952 Hovby 1.5 km, SW 23* lst./lst. Anthonsen
217.26D 1954 Faxe brewery 0.5 km, NW 1 clay/brz. lst. Brøker-Sørensen
217.233 1955 Sædder 20 km, NNW 1* clay/end of well Andersen
222.219 1960 Snesere 15 km, SW 11* clay/chalk Anthonsen
217.568 1970 within quarry Faxe q. north 13 brz. lst./brz. lst. Geoteknisk Inst.
217.569 1971 within quarry Faxe q. NE 8 brz. lst./brz. lst. Geoteknisk Inst.
217.570 1971 within quarry Faxe q. north 32 brz. lst./brz. lst. Geoteknisk Inst.
217.572 1971 within quarry Faxe q. north 12 brz. lst./brz. lst. Geoteknisk Inst.
217.576 1971 within quarry Faxe q. NE 10 brz. lst./brz. lst. Geoteknisk Inst.
217.578 1971 near Faxe q. 0.1 km, NE 8 brz. lst./brz. lst. Geoteknisk Inst.
222.328 1972 Kongsted 5 km, WSW 43* clay/end of well Anthonsen
222.394 1976 Bækkerskov 10 km, SW 5* clay/end of well Anthonsen
222.401 1976 Hovby 2 km, SW 5* clay/brz. lst. Anthonsen
222.447 1986 at quarry wall Faxe q. south 10 brz. lst./brz. lst. Brøker-Sørensen
217.815 1994 within quarry Faxe q. NE 11 brz. lst./brz. lst. Faxe Kalk A/S
217.832 1996 within quarry Faxe q. NE 28 top of well/end of well Faxe Kalk A/S
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and younger coral limestone and in small basins in 
marginal parts of the quarry. This coral-rich ‘bryo-
zoan limestone’ was later described as a transitional 

a younger coral limestone were distinguished by 
Johnstrup (1864). He observed a so-called ‘bryozoan 
limestone’ rich in coral fragments between the older 
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Fig. 4. Structural maps of the Faxe area, contoured using data from groundwater wells and measured sections. Faxe quarry in 
1994 is outlined by a closed polygon on the maps. a: Top preserved Danian limestone reconstructed to its pre-excavation state 
using data from Johnstrup (1864) (small dots). Numbers are metres above mean sea level. The dotted lines show the locations 
of two cross sections in Fig. 5. b: Top Cretaceous structure map. A positive anomaly to the west of the quarry is constrained by 
groundwater wells. c: Isochore (m) map of Danian strata prior to excavation. d: An internal surface at the base of thick coral lime-
stone corresponding to base of growth unit 2 in Bjerager et al. (2017). The geometries of three 700–1100 m long ridges of bryozoan 
limestone striking NW–SE are interpreted in red. e: Isochore (m) map of the strata between the top of bryozoan ridges and top 
Danian limestone. The locations of six cored boreholes are shown in blue. f: Aerial photograph of Faxe quarry in 2006 showing 
location and interpreted geometry of seven late middle Danian bryozoan mounds outcropping in the southern quarry wall. The 
location of a ground-penetrating radar section (Fig. 7b) is shown in the north-eastern part of the quarry.
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(Surlyk & Håkansson 1999) and it is typically overlain 
by hexacoral limestone. 

4. Coarse, cross-bedded bryozoan grainstone 
without flint was deposited in the northern part of 
Faxe quarry above an erosional surface developed as 
a hardground (Willumsen 1995). Sclerosponges and 
bryoliths found in this lithology indicate an origin in 
relatively shallow water (Surlyk & Håkansson 1999). 

type of coral limestone (Bernecker & Weidlich 1990, 
2005). 

3. Octocoral limestone, the ‘white limestone’ of 
Johnstrup (1864), is a very weakly lithified, white, 
chalky wackestone with fragments of octocorals and 
bryozans. Biogenic and sedimentary structures are 
weak or absent in the octocoral limestone, but nod-
ules and thin layers of flint can occur. This limestone 
was deposited in troughs between bryozoan mounds 
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(Fig. 3b inset map). The structure and thickness of 
the Danian limestone deposits in south-east Sjæl-
land were mapped using data from several hundred 
groundwater wells. Wells with TD above Møns Klint 
Formation, represented by green and blue squares in 
Fig. 3, were not used for gridding. At Faxe quarry, the 
base and top surfaces of the Danian deposits and the 
basal surface of massive coral limestone were mapped 
by combined use of data from groundwater wells and 
cored slim boreholes, in addition to published sec-
tions of now excavated parts of the quarry (Johnstrup 
1864; Rosenkrantz 1937; Floris 1979, 1980; Bernecker & 
Weidlich 1990, 2005; Willumsen 1995). The measured 
sections by Johnstrup (1864) were particularly useful 
for mapping the top surface and the internal surface 
at the base of massive coral limestone in the central 
part of the quarry, where early excavations had taken 
place. A subdivision of the massive coral limestone 
into units U2–U5 by Bjerager et al. (2017) has been 
used in this paper. Fischer plots were made to display 
variations in vertical thickness between flint horizons 
(Day 1997). A five point moving average was applied 
to core porosity data from borehole FX8901 to repre-
sent limestone porosity as a continuous curve with 
resolution similar to a well-log.

In the southern part of the quarry, photo mosaic 
and 2D GPR data were used to construct 2D sections, 
which together resolve individual flint horizons. GPR 
reflections result from changes in dielectric properties 
mainly related to contrasts in water content that can 
be caused by changing lithology and porosity (Bris-
tow & Jol 2003). The GPR data were acquired using 
40 MHz antennae carried at constant speed along the 
quarry edge, while recording thirty traces per second. 
Recorded 2D GPR data were combined to form longer 
sections which were filtered but not migrated. The 
electromagnetic wave velocity in the limestone was 
calibrated to 0.07 m/ns and used for depth conversion, 
giving imaging depths of up to 18–20 m. 

Results and discussion
Danian carbonates of south-east Sjælland
Semi-regional mapping of Danian limestone thick-
ness and underlying structures in south-east Sjæl-
land reveals a broad picture of the structural setting 
of the limestone deposits near Faxe (Fig. 3), although 
mapping of limestone thickness and interpretation of 
thickness anomalies are hampered by glacial erosion 
and deformation (Jakobsen 1996) and clustering of 
groundwater wells in proximity to towns. 

Base Upper Cretaceous Chalk is interpreted as an 
unfaulted NNW-dipping surface with a time-depth 

Data and methods
Most of the existing geological data from the Faxe 
quarry consist of sediment cores and 2D ground-
penetrating radar (GPR) data acquired by Faxe Kalk 
A/S in order to identify the presence of the flint-free 
limestone desired for quarrying (Sigurdsson & Over-
gaard 1998). 

A 37 m long core from the shallow borehole FX8901, 
located in the southern part of the quarry (Fig. 4) was 
extensively used in this study. Additional plug sam-
ples were drilled from other cores, from the outcrop 
walls and from larger blocks taken to the laboratory. 
He-porosity and Klinkenberg-corrected permeability 
were measured. Water drainage capillary pressure 
curves were obtained using the porous plate method 
(Andersen 1995). Descriptions of bryozoan limestone 
depositional texture follow Dunham (1962) with the 
modified definition of grain size less than 62 μm for 
carbonate mud (Wright 1992), and we distinguish 
between mud-dominated and grain-dominated fabric 
for packstones (Lucia 1995). After disintegration by 
freeze-thaw cycles, samples were used for grain size 
analysis by wet sieving. A set of 13 samples of mainly 
bryozoan limestone was taken from cores and outcrop 
in the southern part of the quarry for nannofossil 
biostratigraphy. The samples were dated using the 
nannofossil zonation of Varol (1998). Smear slides 
were prepared and basic presence/absence counting 
was used. Limestone blocks were abraded with a 50 
bars water jet in order to remove coccolith matrix 
from the surface. The blocks were then examined for 
small-scale sedimentary structures and variation in 
depositional texture. 

Ninety thin sections were prepared from the plugs 
after measurement of porosity and permeability. 
Texture, content of skeletal grains, visible porosity, 
intra-fossil porosity, and size of skeletal grains were 
estimated visually at low magnification (×2 – ×16) 
using reflected and transmitted light. Petrographic 
image analysis was carried out on six digital back-
scattered electron (BSE) images in order to calibrate 
the values estimated from thin section. Quantification 
of grains and pore space on all scales was undertaken 
using images representing 3 mm by 4 mm, 0.3 mm by 
0.4 mm and 0.03 mm by 0.04 mm. 

A 2D data set of fifteen 40–50 years old semi-
regional seismic lines from south-east Sjælland was 
interpreted in order to clarify the deep structural 
setting at Faxe (Fig. 3). The Base Upper Cretaceous 
Chalk, Top pre-Zechstein and Top Precambrian base-
ment horizons were interpreted with confidence on 
14 seismic sections. Two deep wells, Slagelse-1 and 
Stenlille-1, located west and north-west of the mapped 
area, respectively, were used for mapping of horizons 
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m of Danian deposits are located west of Faxe quarry 
towards Herlufsholm and Spjellerup and are proven 
localities of coral limestone (Figs 1, 3b). Danian strata 
>80 m thick are also located south of the town of Køge 
about 20 km to the north of Faxe. Spurious large thick-
nesses of bryozoan limestone could represent areas of 
glaciotectonic thrusting or lack of glacial erosion.

The Faxe mound complex
External and internal structures and main lithofacies 
of the entire mound complex at Faxe are shown in 
Figs 4 and 5. A reconstructed Top Danian limestone 
surface showing the geometry of the mound complex 
before limestone excavation started reaches a height 
of 70 m above mean sea level (Fig. 4a). Its relatively flat 
crest suggests an approximately 10 m higher elevation 
before erosion in the Quaternary or Neogene (Fig. 5a). 
The outer geometry of the mound complex is expressed 

of 570 ms two-way-travel-time (TWT) at Faxe. The Top 
pre-Zechstein surface dips NW with a ˃50 km long, 
NNE-striking basement fault located 6 km west of 
Faxe quarry, and a shorter sub-parallel basement fault 
located 2 km west of Faxe quarry. Lower Palaeozoic 
sediments are present at 850 ms TWT on a basement 
high below Faxe quarry (Fig. 3a) and are buried at 
depths of up to c. 5 km some 15 km west of Faxe. The 
basement high is bounded to the south-east by a third 
NNE-striking fault. 

The mapped thickness of Danian strata is uncertain 
except in wells drilled into the underlying Upper Cre-
taceous Møns Klint Formation. Drillers observations of 
coral limestone are not confirmed (Fig. 3b). A continu-
ous Danian thickness of > 50 m to the north-east of Faxe 
quarry may be a mapping artefact. However, Danian 
strata more than 70 m thick is reported c. 10 km east 
and north-east of Faxe quarry without reaching the K/T 
boundary. Three groundwater wells penetrating >70 
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limestone deposits at Faxe had a maximum thickness 
of 97 m after uplift and removal of overlying sediments 
since the Neogene (Thomsen 1995; Japsen & Bidstrup 
1999) and before excavations began (Fig. 4c).

A well-defined lithostratigraphic surface between 
the mounded middle Danian bryozoan limestone and 
the overlying thick cool-water coral limestone is found 
at and close to the quarry (Figs 4d, 5). This surface 
demonstrates three conspicuous ridges of more or 
less similar geometry. The bryozoan limestone ridges 
are characterised by elongated NW–SE striking bases 
at approximately 35 m above present mean sea level 
(m.s.l.) and reach 50 m above m.s.l. at their crests. Their 
lateral dimensions are 700–1100 m by 200–300 m at 

as a circular anomaly on the top Danian limestone 
surface and has a relief of 45 m, covering an area of 
approximately 4 km2 (Fig. 4a).

The Top Cretaceous Chalk surface on which the 
Danian limestone was deposited is presently an ir-
regular surface dipping to the north by 1% over 2.5 km 
with a vertical relief of 25 m (Figs 4b, 5). The shape of 
this surface and its overlying isochore of Danian lime-
stone (Fig. 4c) may have been influenced by ice mov-
ing from the south-east during the Late Quaternary 
(Houmark-Nielsen 1988), but it can also be explained 
by syndepositional movements of underlying base-
ment faults (Fig. 3), or more likely by erosive bottom 
currents (Lykke-Andersen & Surlyk 2004). The Danian 
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driven by bottom currents or a storm event (Rebesco 
et al. 2014). Similar mud-poor bryozoan grainstones 
of early middle Danian age found at Skillingsbro and 
Hammelev in eastern Jutland were probably related to 
shallow water depth (Thomsen 1995).

Stratigraphy in Faxe quarry
Lithostratigraphy
The succession of lithofacies found in Faxe quarry 
is shown in Fig. 5 in a cross section that covers the 
entire mound complex. Coral limestones of the Faxe 
Formation are found at three distinct stratigraphic 
levels: (1) In the lower Danian known only from well 
217.26B (Fig. 5a; Rosenkrantz 1937), (2) from previously 
unpublished boreholes in the southern part of the 
quarry (Figs 4f, 5b, 8), and (3) the main exposed body 

their bases with relief up to 15 m. The southern ridge 
is fully exposed in the southern quarry wall where 
its internal structure has been mapped by ground-
penetrating radar (Fig. 6). The upper part of the ridge 
is composed of aligned bryozoan mounds separated 
and covered by octocoral limestone and hexacoral 
limestone (Figs 4f, 5). 

The two troughs between the three bryozoan lime-
stone ridges (Fig. 4d) are primarily filled with thick 
cool-water coral limestone representing Faxe Forma-
tion units U2–U6 of Bjerager et al. (2017), and locally 
by interfingering bryozoan limestone. The thickness 
of coral limestone from the base of the two troughs 
to the top Danian limestone surface amounts to c. 40 
m (Fig. 4e). The coral limestone fill of the Faxe For-
mation grew to a higher elevation than the bryozoan 
limestone ridges (Fig. 5). Overgrowth by hexacoral 
limestone of individual bryozoan mounds is exposed 
in the southern quarry wall (Fig. 6c; Bjerager et al. 
2017). The wider northern trough (Fig. 4d) is situated 
in the central part of the quarry and is mainly defined 
from sections measured by Floris (1980). Octocoral 
limestone, locally more than 10 m thick (Fig. 6), forms 
the deep fill of the troughs interfingering with, or 
more commonly overlain by, hexacoral limestone 
(Fig. 5). The octocoral limestone contains fragments 
of octocorals and bryozoans ‘floating’ in a coccolith 
matrix. Octocoral packstone has been observed in the 
trough between mounds 5 and 6 (Figs 4f, 6). 

Bryozoan grainstone locality
An up to 9 m high and >100 m wide north-south sec-
tion of mainly indurated bryozoan grainstone with 
large-scale cross-stratification that was excavated in the 
north-eastern part of Faxe quarry in 1996, was not found 
to contain flint and is characterised by a decreasing 
amount of carbonate mud upwards through beds and 
bundles of beds (Figs 4f, 5b, 7a). GPR data and interpre-
tation support the observation of bedforms dominated 
by low-angle troughs, known as swaley cross-stratifi-
cation (Allen & Underhill 1989), which has not been 
observed elsewhere in Faxe quarry (Figs 7b, 7c). The 
deepest and most mud-rich parts of the exposure are 
characterised by a grain-dominated packstone texture. 
The GPR data imaged deeper than the initially exposed 
section, including the northern flank of a bryozoan 
mound which was later exposed after further excava-
tion (Figs 4f, 7b). From observations during excavation, 
the grainstone accumulation was estimated to cover at 
least 200 m by 200 m and was apparently deposited in 
a local depression. Elevation above present-day mean 
sea level of the exposure was estimated at 30–35 m (Fig. 
5). The low content of carbonate mud could have been 
caused by a high-energy depositional environment 
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Fig. 7. A large accumulation of cross-bedded bryozoan grain-
stone without flint bands located in the north-eastern part 
of the quarry (Fig. 4f). a: Line drawing of bed boundaries 
measured in the field and adjusted using photos. An upwards 
reduction in carbonate mud and an upwards higher degree of 
induration was noticed in the field. Two end-member samples 
shown as green circles were examined for depositional texture, 
porosity and permeability. b: GPR profile along a wall section 
of bryozoan grainstone where reflections indicate contrasts 
in porosity. c: Interpretation of the GPR profile showing bed-
ding structures. Bundles of grainstone beds numbered 1–5 
are separated by interpreted breaks in sedimentation given 
by thick lines. 
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cally positioned between middle Danian octocoral 
limestone and hexacoral limestone (Figs 5b, 8). The 
limestone in the boreholes in Fig. 8 display flint and 
thin clay layers. A local accumulation of bryozoan 
grainstone is deposited stratigraphically above the 
thick coral limestone on the north-eastern flank of 
the mound complex (Figs 4f, 5b, 7).

The generally mound-forming and flint-bearing 
bryozoan limestone deposits (Figs 5, 6, 8), were cor-

of up to 40 m thick middle Danian coral limestone 
(Johnstrup 1864; Floris 1980; Bernecker & Weidlich 
1990, 2005; Willumsen 1995; Bjerager et al. 2017). At 
all stratigraphic levels coral limestone bodies consist 
of lithified hexacoral limestone underlain by or in-
tercalated with chalky octocoral limestone and are 
vertically separated by regionally deposited bryozoan 
limestones of the Stevns Klint Formation (Surlyk et al. 
2006). The southern bryozoan ridge is stratigraphi-
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Fig. 8. South-western part of the Faxe quarry in 1995 with a GPR profile and data from cored boreholes (Fig. 4e) correlated by 
timelines. Borehole FX8901 was drilled before excavation down to 10 m above mean sea level (MSL). The photograph shows the 
north-western flank of the southern bryozoan ridge (Fig. 4d) overlain by a thin white octocoral limestone and a thick hexacoral 
limestone coloured dark brown by modern algae (Bernecker & Weidlich 1990, section G). The transition from bryozoan limestone 
into coral limestone is annotated with numerical units from this study and the U units of Bjerager et al. (2017). GPR reflectors 
are recognised to onlap a strong reflector that represents the top of a 30 cm thick outcropping flint layer. The GPR section shows 
normal faulting that can be traced to the western wall, and glaciotectonic deformation in the upper, northern part of the section. 
Locations of nannofossil samples N1, N2, and N9 are shown in red trinangles with their age (Table 2). The dip of the Maastrichtian 
chalk surface is found from mapping (Fig. 4b). The distances from FX8901, FX9401 and FX9402 to the lower part of the western 
wall are c. 30 m, 50 m and 70 m, respectively. Limestone porosity was derived from neutron logging (FX9401), core density scan-
ning and Helium porosity measurements. 
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parts of the southern bryozoan ridge and are overlain 
by a middle section of units 8–10 with erosionally 
truncated flint-limestone couplets of variable thickness 
(Figs 9, 11). The ridge is topped by bryozoan mounds 
mostly displaying aggradational stacking (Figs 6, 9). 

Borehole FX8901 reveals a low-porosity bryozoan 
limestone at stratigraphic unit boundaries, alternat-
ing with sections of higher porosity within units 
(Fig. 10). All flint horizons are drawn as continuous 
layers, but most are around 10 cm thick and consist 
of discontinuous nodules. The main lithology is bryo-
zoan limestone, with zones of octocoral limestone at 

related in the southern and western quarry walls (Fig. 
9) and with borehole FX8901, guided by measured 
depth and flint and limestone characteristics. Based on 
cycles in core porosity and permeability, which may 
be directly related to depositional cycles, the core of 
borehole FX8901 was subdivided into informal strati-
graphic units numbered 1–15 which each laterally in the 
quarry walls correspond to up to five flint - bryozoan 
limestone couplets mostly bounded by thick, continu-
ous flint layers and/or subtle unconformities (Figs 9, 
10). The near-horizontal, layered units 3–7 exposed in 
the southern quarry wall (Fig. 9) comprise the deeper 
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Fig. 9. Photography-based correlation of selected flint horizons in bryozoan limestone and main bedding planes in coral limestone 
are shown for a: a length section and b: a cross section of the southern bryozoan ridge (see Fig. 4f). Flint layers are shown as grey 
bands. Stratigraphic units of up to five flint-limestone couplets are numbered 1–17. Single truncated zones of bryozoan limestone 
and overlying flint are represented by units 8–10. Inclined zones in unit 8 at 310 m are interpreted as slumping. Borehole FX8901, 
located 20 m to the north of the section, shows porosity on a scale from 30 to 50% and flint. Borehole FX8902, located 45 m to the 
north of the section, displays the cumulative deviation from mean thickness of flint-limestone couplets (Day 1997), meaning that 
the curve deviates to the right when beds become thicker than average going upwards. The thick black line is a normal fault with 
a vertical throw of 1–2 m. The location of nannofossil samples N9 and N11 is shown in red triangles. Detailed geological descrip-
tions of the coral limestone were published by Bernecker & Weidlich (1990, 2005), Lauridsen et al. (2012) and Bjerager et al. (2017). 
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of unit 2 are more grain-rich than in its central part. 
Units 2 and 3 grade laterally into hexacoral limestone 
downflank in borehole FX9402 (Fig. 8). Units 4, 5 and 7 
are also topped by 20–30 cm thick indurated bryozoan 
limestone zones, and units 4 and 5 were easily traced 
in the southern quarry wall (Fig. 10). 

Zones of indurated bryozoan limestone with low 
porosity are most often zones with low amounts of 
coccolith mud and high permeability, as described 
below. The permeability variations over stratigraphic 
units 4–7 are large and vary between 3 and 10 mD 
for the most mud-rich samples and 100–200 mD for 
samples with low mud content (Figs 9, 10). A smoothed 
long-wave bounding curve for the permeability data 
spans the lower units 3–7 and upper units 11–14 in the 
upper part of the bryozoan ridge. There is a shortage of 

depths of 34–35 m and at the top of the core. Unit 1 
consists of a transition facies of octocoral limestone 
with upwards increasing amounts of bryozoans (Fig. 
10) and an asymmetrical porosity cycle that becomes 
more symmetrical downflank in boreholes FX9401 
and FX9402, where octocoral limestone interfingers 
with bryozoan limestone (Figs 8, 10). Unit 1 contains 
a thick flint layer a few tens of centimetres below its 
top, where pyrite also occurs. Unit 2 is 4 m thick and 
spans approximately five flint-limestone couplets and 
reveals a well-developed porosity cycle indicating no 
significant breaks in deposition (Fig. 10). The upper-
most and lowermost 10–20 cm of unit 2 are strongly 
indurated, resulting in a porosity reduction of about 
five porosity units compared with the porosity in the 
middle of unit 2. The lithofacies at the boundaries 
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Fig. 10. Porosity and hori-
zontal permeability of 248 
core plugs from borehole 
FX8901 (Fig. 4e) plotted 
against depth. Flint layers 
are shown as grey bands. 
The most grain-rich core 
plugs are marked by red 
diamonds. Fifteen strati-
graphic units with up to 
five flint-limestone cou-
plets are laterally correlated 
into borehole FX8901 where 
they are characterised by 
cycles in porosity shown 
by an average curve in blue. 
Multiple units form longer 
cycles of permeability indi-
cated in red. Indurated (I) 
bryozoan limestone alter-
nating with more porous 
zones (P) of stratigraphic 
units 4–6 are shown. Poros-
ity, permeability and depo-
sitional texture of plugs 
taken from the southern 
wall (red dots) confirmed 
the reservoir characteristics 
from borehole FX8901 situ-
ated 20 m to the north of the 
wall. The position of nan-
nofossil samples is marked 
with red triangles. Calcu-
lated eccentricity curves 
La2010a-d are plotted for 
the time interval 63.5–64.9 
Myr (Laskar et al. 2011).
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8, 12). Compared to the more than 20 m thick section 
dated as early Danian zones 2–3 (Thomsen 1995) (= 
zones NNTp1A–NNTp2A of Varol 1998) at Stevns Klint 
(Surlyk et al. 2006), there is at Faxe a vertical thickness 
of 18 m from the location of samples N1 and N2 down 
to the mapped top Cretaceous surface (Figs 4b, 5) with 
nannofossil zones 1–4 preserved (Thomsen 1995). If 
rates of deposition at Stevns Klint and Faxe are similar, 
it is plausible that nannofossil zone 4 (Thomsen 1995), 
which is time equivalent to zone NNTp2E (Varol 1998) 
might be found a few metres below samples N1 and 
N2 (Fig. 12). Stratigraphic units 1–9 represent middle 
Danian subzones NNTp2G – NNTp3 (Table 2; Figs 
9–12; Varol 1998). Sample N8 from unit 10 is probably 
assigned to either subzone NNTp4A or NNTp4B (Table 
2). Units 14 and 15 sampled from indurated bryozoan 
limestone on the northern flank of the southern ridge 
(Figs 4f, 8–9) and at the top of core FX8901 (Fig. 10), are 
assigned to latest middle Danian nannofossil subzone 
NNTp4C based on Prinsius martinii (Table 2). Sample 
N11, from octocoral limestone (Figs 9, 11) which fills 
troughs between the bryozoan mounds forming the 
southern ridge, may also belong to subzone NNTp4C. 
Samples N12 and N13 from the uppermost western 
wall section are characterised by poor nannofossil 
recovery. Most or all of the upper Danian is missing at 
Faxe but the middle Danian is probably represented 
by all nannofossil zones NNTp2D–NNTp4C includ-
ing the uppermost middle Danian zone NNTp4C 
which has not previously been identified at Faxe.

Based on our biostratigraphic data, we could cor-
relate sequence boundary S3–S4 of Thomsen (1995) 
within his nannofossil zone 6 with the erosional 
truncation of bryozoan mounds of our unit bound-
ary 14/15 (Figs 8–12). Progradation of unit 14 (Fig. 
11) followed by termination and erosion of bryozoan 
mounds indicate a sea-level fall in the beginning 
of nannofossil zone NNTp4C (Figs 9, 12). However, 
based on a hardground found by Willumsen (1995, 
his hardground 2) with overlying coarse bryozoan 
grainstone, and based on a warming trend during 
deposition of coral limestones, as indicated by in-
creasing abundance of Coccolithus pelagicus (Bjerager 
et al. 2017), we suggest keeping the S3–S4 boundary 
at the base of the younger hexacoral limestone (Figs 
5, 12). Warm sea water is indicated by relatively high 
abundances of Coccolithus pelagicus in sample N2 of 
octocoral limestone and in samples N4, N6 and N8 
of bryozoan limestone. In this study we find that se-
quence boundary S3–S4 has an age within nannofos-
sil zone NNTp4C which is younger than previously 
stated (Thomsen 1995, his fig. 30).

Cyclostratigraphy
Bedding-parallel flint layers repeated approximately 

data for units 8–10 due to truncated strata (Fig. 10). The 
top of unit 14 in borehole FX8901, above a thick and 
possibly amalgamated flint zone, is correlated towards 
the west and north along the south-western corner of 
the quarry, following a strongly indurated limestone 
zone downflank where the indurated top of unit 14 
is sampled (Figs 8–10). Boundaries and individual 
flint-limestone couplets of units 15–17 are correlated 
from bryozoan limestone into much thicker, steeply 
dipping strata of hexacoral limestone and thinner 
strata of octocoral limestone, with a total stratigraphic 
thickness of around 60 m (Figs 8, 9). 

Lithostratigraphy of a bryozoan mound
The position of flint horizons and the limestone depo-
sitional texture in a bryozoan mound is exemplified by 
mound 5 (Fig. 11). Below the mound, an unconformity 
truncates the thickly bedded, eastward migrating 
bryozoan limestone of units 8 and 9. A mound core 
in the upper part of unit 9 forms a 20 m wide and 
up to 2.5 m high structure upon which the bryozoan 
mound developed. The majority of the bryozoans 
in the mound core are peduncled cyclostomes with 
circular, flower-like morphology found in sieve frac-
tions >1 mm. Unit 10 comprises westward migrating 
beds with strong vertical variation in depositional 
texture in the central part of the mound. Units 12–13 
are thickest on the western and crestal parts of the 
mound where indurated beds occur. On the eastern 
mound flank units 12–13 are thin and subunits pinch 
out or have been truncated. Packstones with upwardly 
decreasing mud content are present. Unit 14 is sepa-
rated from units 12–13 by a break in deposition, and 
unit 14 has strongly eastward migrating subunits. 
Most of the limestone zones in unit 14 are developed 
as indurated packstones which are truncated by an 
erosional unconformity at the crest of the mound, 
corresponding to the base of unit U2 of Bjerager et al. 
(2017). The truncated unit 14 causes mound 5 to have 
a weakly asymmetrical shape with a slightly steeper 
eastern flank. Unit 15 appears to be eroded above 
mound 5 but is present farther to the west (Figs 8–9). 

Nannofossil biostratigraphy
The samples taken for nannofossil biostratigraphy 
represent an approximately 60 m almost complete 
middle Danian vertical section (subzones NNTp2F–4C 
of Varol 1998; Table 2). The sampled section includes 
stratigraphic units 1–14 of mainly bryozoan limestone 
and younger strata, intercalated with coral limestones. 
The oldest samples, N1 and N2, taken from below the 
octocoral limestone at the bottom of boreholes FX9401 
and FX9402, immediately below 5 cm of clay, are dated 
as early middle Danian subzone NNTp2F and correlate 
with a level just below unit 1 in borehole FX8901 (Figs 
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NNTp4C in unit 14 (sample N10) at the top of the 
upper long permeability cycle with an age of 63.6 
Ma (Agnini et al. 2014), when the age of the Creta-
ceous/Palaeogene boundary is corrected to 66.0 Ma 
(Renne et al. 2013). Our oldest nannofossil samples 
do not reach nannofossil zone NP2 (NNTp2E and 
older), however the age of the NP2/NP3 boundary 
is uncertain (Fig. 12; Agnini et al. 2014). Hence, the 
age correlation from our long permeability cycles to 
long eccentricity cycles relies on the assumption of 
relatively smooth rates of deposition. This implies 
that flint layers represent precession related cycles. 
We have chosen to compare all four calculated ec-
centricity solutions La2010a–d (Laskar et al. 2011) to 
porosity and permeability data in borehole FX8901 
and to show one possible correlation between long 
permeability cycles and eccentricity solution La2010a 
(Figs 10, 12). We also make a tentative correlation be-
tween the well-developed porosity cycle of lithostrati-
graphic unit 2 and a short eccentricity cycle. The long 
permeability cycle spanning stratigraphic units 3–7 is 
supported by modulation of shorter cycles in porosity 
and permeability (Figs 10, 12). Short porosity cycles 
above unit 7 were recognised with low confidence 

every metre, and other evidence of cyclic stratigraphy 
from localities of Upper Cretaceous – Danian carbon-
ates in the North Sea area, have been interpreted as 
a response of chalk sedimentation to orbital cycles 
(Hart 1987; Zijlstra 1994; Gale et al. 1999; Perdiou et 
al. 2016). With little or no ice at the poles during this 
time, cyclic chalk and limestone deposition may 
have been controlled by precession and eccentricity 
through hydrological cycles caused by the monsoon 
at low latitudes (Wang et al. 2017). Carbon and oxygen 
isotope data measured on benthic foraminifers from 
around the world have demonstrated long and short 
eccentricity cycles in Danian deep-sea carbonates 
(Westerhold et al. 2011).

Successful demonstration of Milankovitch cycles 
requires independent age control and recognition of 
a hierarchical stacking pattern (Strasser et al. 2006). 
We have sufficient age control for the upper limit of 
the upper long permeability cycle at a depth of 2 m 
in borehole FX8901 to make a tie to an astronomi-
cally calculated long eccentricity curve (Figs 10, 12). 
Nannofossil data (Table 2) show the appearance and 
increase in Prinsius martini (samples N9–11) indicat-
ing the presence and possibly the beginning of zone 

Table 2. Semi-quantitative counts of Danian nannofossil species from 13 samples from the southern part of Faxe quarry

Samples N3 and N11 are from octocoral limestone whereas the other samples are from bryozoan limestone.
The North Sea Nannofossil Paleocene zonation of Varol (1998) was applied.
The boundary between regional sequences S3 and S4 was placed in nannofossil subzone NNTp4B by Thomsen (1995, his zone 6). 

Danian nannofossils (counts)

Sa
m

pl
e 

nu
m

be
r

Sa
m

pl
e 

lo
ca

tio
n 

(w
el

l o
r q

ua
rry

 w
al

l)

St
ra

tig
ra

ph
ic

 u
ni

t

Sa
m

pl
e 

el
ev

at
io

n 
(m

 a
.m

.s
.l.

)

N
or

th
 S

ea
 n

an
no

fo
ss

il 
Pa

le
oc

en
e

zo
na

tio
n 

(V
ar

ol
 1

99
8)

 

C
al

ca
re

ou
s 

na
nn

of
os

si
l z

on
e

(T
ho

m
se

n 
19

95
)

N
an

no
pl

an
kt

on
 z

on
at

io
n 

(M
ar

tin
i 1

97
1)

Se
qu

en
ce

 (t
hi

s 
pa

pe
r)

Se
qu

en
ce

 (T
ho

m
se

n 
19

95
)

Th
or

ac
os

ph
ae

ra
 s

pp
.

C
yc

la
ge

lo
sp

ha
er

a 
al

ta

Ze
ug

rh
ab

do
tu

s 
si

gm
oi

de
s

C
ru

ci
pl

ac
ol

ith
us

 p
rim

us

C
ru

ci
pl

ac
ol

ith
us

 a
sy

m
m

et
ric

us

C
ru

ci
pl

ac
ol

ith
us

 te
nu

is

C
ru

ci
pl

ac
ol

ith
us

 in
te

rm
ed

iu
s

C
h.

/C
r s

pp
.

C
hi

as
m

ol
ith

us
 in

co
ns

pi
cu

us

C
oc

co
lit

hu
s 

pe
la

gi
cu

s

P
rin

si
us

 c
oc

co
sp

he
re

P
rin

si
us

 d
im

or
ph

os
us

C
hi

as
m

ol
ith

us
 d

an
ic

us

H
or

ni
br

oo
ki

na
 e

dw
ar

ds
ii

P
rin

si
us

 te
nu

ic
ul

us

P
rin

si
us

 m
ar

tin
ii

N13 West - 58 6 - 1 - - - - - - 1 - 6 1 - - - 4C? 6
N12 West - 55 16 1  20 16 1 2 2 - - 6 -  7 20 - 2 - 4C? 6
N11 South - 50 - - 3 - 7 - 2 6 2 10 1 100 15 - - 7 4C 6
N10 FX8901 14 47.0 100 3 7 6 6 - - 1 - 10 - 4 4 - - 4 4C 6
N9 West 15 33 20 2 - 1 9 - - - - 11 3 20 15 - - 1 4C 6
N8 South 10 39 100 3 10 1 3 - 1 - - 15 1 100 3 - - - 4A-4B 5-6
N7 FX8901 9 32.1 8 4 15 - 14 - - - - 8 - 50 16 - 8 - 2G-3 5 NP3
N6 South 6 26 28 - 10 2 14 - - - - 25 7 25 18 - 2 - 2G-3 5
N5 South 5 25 50 1 9 10 4 - - 14 - 3 - 50 16 - - - 2G-3 5
N4 South 3 2 100 - 5 - 6 - - - 1 15 7 100 18 - 3 - 2G-3 5
N3 FX8901 1 10.2 7 1 13 2 13 - 2 2 - 1 1 - - 1? 24 - 2G-3 5
N2 FX9402 1 -5.4 12 - 11 1 16 - 2 - - 15 2 100 - - - - 2F 
N1 X9401 - -3.1 50 3 26 23 2 - 1 - - 8 1 50 2 - - - 2F 5

S4

S3
S3

S4



114     ·     Bulletin of the Geological Society of Denmark

cycles in primary productivity that may be related 
to insolation cycles (Burnett et al. 2000). 

The placement of measured data into a geological 
time frame combined with the cyclic and hierarchi-
cal patterns in porosity, permeability and repeated 
flint-limestone couplets indicate orbital forcing as 
a significant depositional mechanism for Danian 
limestones at Faxe. For bryozoan limestone the rate 
of deposition for an expanded succession of strati-
graphic units 2–14 is calculated to 40 m/1300 ka = 3.1 
cm/ka, whereas the rate of deposition calculated from 
the base of the Stevns Klint Formation to the top of 
unit 14 is 62 m/2100 ka = 3.0 cm/ka. A much higher 

because of missing porosity data and unconformi-
ties in the middle and upper part of the southern 
bryozoan ridge (Fig. 9a). 

We relate intervals of low porosity and high per-
meability near lithostratigraphic unit boundaries to 
nodes of interpreted low eccentricity as seen at the 
top of unit 7, which is characterised by a few decime-
tres of grain-dominated bryozoan packstone (Figs 10, 
12). Zones of high porosity and reduced permeability 
are found between the nodes and relate to high ampli-
tudes of short eccentricity (Fig. 10). Due to their cyclic 
content of coccolith mud, the alternating porous and 
permeable bryozoan limestone zones could express 
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Fig. 12. Correlation of astrochronology, biostratigraphy, lithostratigraphy and porosity-permeability cycles from borehole FX8901 
based mainly on data from the southern part of Faxe quarry. The timescale shows the astronomically calculated eccentricity 
La2010a of the earth’s orbit (Laskar et al. 2011). The magnetostratigraphy is adopted from Cande & Kent (1995) and adjusted to 
a Cretaceous–Palaeogene boundary age of 66.0 Ma (Renne et al. 2013). Ages of nannofossil zones are adopted from Agnini et al. 
(2014). The dashed line dividing nannofossil zones NP2 and NP3 indicates an uncertainty in assigning an absolute age to the 
lowest occurrence of Chiasmolithus danicus (Agnini et al. 2014). The red trend line bounding the permeability data mirrors the long 
trends in calculated eccentricity. A generalised lithostratigraphic column shows the main limestone facies, stratigraphic units 1–17 
(this study) and unit U2–U6 (Bjerager et al. 2017). Nannofossil samples N1–N11 (Table 2) are incorporated into the section using 
flint horizon correlation and GPR reflectors Thick wavy lines indicate surfaces of moderate to strong truncation. A division into 
depositional structures is included. The blue sea level curve is adopted from Thomsen (1995) and stretched to time, with sequence 
boundaries indicated. Possible eccentricity-driven sea-level fluctuations are shown using the red dashed curve.
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3). Less carbonate mud is found in the indurated 
limestone at the crests of bryozoan mounds, at unit 
boundaries and in redistributed bryozoan grainstone 
(Fig. 13). As in a previous study based on petrographic 
analysis (Larsen 1961), we find bimodal grain size 
distribution of mud- and grain-dominated bryozoan 
packstones. Thin-section analysis reveals that the 
majority of investigated bryozoan limestone samples 
have grain-supported packstone texture, whereas 
wackestone or mudstone texture is predominant in 
octocoral limestones with mud-supported fragments 
of octocorals larger than 2 mm (Fig. 13). Local high con-
centrations of octocoral packstone has been observed 
at the base of troughs between bryozoan mounds (Fig. 
9a) and in borehole FX9410 (Fig. 4e, M. Willumsen). The 
limestone at Faxe consists of more than 98% carbonate 
and almost entirely of calcite (Sigurdsson & Overgaard 
1998) when flint is disregarded. The low content of 
1–2% insoluble residue was confirmed by acid tests 
on sampled bryozoan limestone matrix to be mainly 
smectite and illite. Higher concentrations of clay were 
observed along barely visible bedding planes and on 
fracture surfaces. The amount of flint in the bryozoan 
limestone is estimated at 10% based on six boreholes 
in the southern part of the quarry, representing a total 
core length of 150 m (Fig. 4e). Flint layers and nodules 
vary in colour from light grey to black. Flint horizons 
are mostly located in burrows up to a few tens of cen-
timetres below levels of indurated limestone with rela-
tively low porosity (Fig. 10). Dolomite was previously 
present in the hexacoral limestone near to the crest of 
the mound complex (Johnstrup 1864), and dolomite 
occurs locally in the bryozoan limestone (Jørgensen 
1988). Pyrite concretions are observed in zones of 
bryozoan limestone (Fig. 11) as indicated by red and 
yellow Fe-hydroxide staining in hexacoral limestone. 

depositional rate of 19 cm/ka is suggested for the 58 
m stratigraphic thickness of coral limestone within 
stratigraphic units 15–17 (U2–U5) deposited during 
approximately 300 ka (Bjerager et al. 2017).

Lithofacies proportions, composition and 
petrophysical properties

Geological mapping allows the proportions of each of 
three dominant middle Danian limestone lithologies to 
be estimated within the central 1.5–2 km wide section 
of Faxe quarry (Figs 4, 5). Bryozoan limestone with flint, 
hexacoral limestone and octocoral limestone constitute 
c. 65%, 35% and 5% respectively of the rock volume, 
whereas matrix-poor bryozoan limestone deposits con-
stitute a minor part (Table 3). The bryozoan grainstone 
accumulation mapped by GPR in the north-eastern part 
of the quarry constitute approximately 0.2 million m3, 
however at the time of mapping, the accumulation had 
been partly excavated. Reworked bryozoan grainstone 
within hexacoral limestone facies as described by Bjer-
ager et al. (2017) may not be of volumetric significance.

Approximately one third of the bryozoan limestone 
observed in the quarry consists of sub-horizontally 
bedded bryozoan limestone that is not developed 
into the frequent 50–100 m wide mounds. Younger 
hexacoral limestone and older hexacoral limestone may 
have constituted similar amounts before excavation. 
Johnstrup (1864) noted a higher proportion of younger 
hexacoral limestone in his measured sections. Today 
coral limestone exposures are dominated by older 
hexacoral limestone.

Composition of limestones
The bryozoan limestone typically contains 30–50 wt% 
mud, defined as particles smaller than 63 µm (Table 

Table 3. Estimated proportions and composition of limestone lithologies characterised by depositional type and texture

‘Packstone mud dom.’ refers to mud-dominated packstone, ‘packstone grain dom.’ refers to grain-dominated packstone (Lucia 1995).
‘Mound building’ and ‘sub-horizontally bedded’ bryozoan limestone refers to the upper and lower parts, respectively, of the southern
bryozoan ridge (Figs 4d, 6, 12).
The lithological proportions of the Danian limestone are estimated from the reconstruction of Faxe quarry before excavation (Figs 4-5). 

Lithology Bryozoan limestone Hexacoral Octocoral
   limestone limestone

No. of samples >50 >50 2 2 20 10
Proportion in Faxe quarry, % 30 30 <1 <1 35 <5
Porosity, % 40 43 28-38 46 15 37-44
Matrix permeability, mD 10-100 10-100 30-300 1000 variable 3-15
Carbonate mud < 63 µm, wt% 30-50 30-50 20 5-10 60-80 60-70

Depositional texture Packstone Packstone Packstone Grainstone Variable Mud-wacke-
 mud dom. mud dom. grain dom.   packstone

Type of deposition or rock Sub- Mound Indurated Redistributed Mound Valley
 horizontal building limestone limestone building deposits
 bedding
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Representative permeability of hexacoral limestone 
could not be measured because plug samples would be 
tight or only locally have large, connected pores. The 
bedded, older hexacoral limestone described by Wil-
lumsen (1995) is supposed to have high permeability 
anisotropy because mud-free beds of corals alternate 
with mud-rich beds. Sections measured by Bjerager 
et al. (2017) indicated high permeability only in rare 
octocoral packstone interbedded with cemented hexa-
coral limestone.

In core from borehole FX9401 between 12 and 13 m 
above mean sea level (Figs 4e, 8), a 5–10 cm thin zone 
of grain dominated packstone was observed. It has a 
porosity of 28% and a permeability of around 40 mD 
(Fig. 14b) and forms the lower part of a 0.50 m thick 
succession with increasing mud content towards the 
top, where typical porosity and permeability of 42% 
and 30 mD is measured.

The permeability of the limestones at Faxe correlates 
positively with decreasing carbonate mud content (Fig. 

Petrophysical properties
Petrophysical properties vary among limestone lith-
ologies (Table 3). The bryozoan limestone in general 
has high porosity and the permeability is over 10 mD, 
which indicates fair to good reservoir properties (Fig. 
10, Table 3). Within the southern bryozoan ridge, data 
from core FX8901 show a gradual porosity increase 
from 35–40% at its base to around 45% near its top in 
the upper part of the ridge. The porosity declines near 
the top of the ridge, where indurated beds are present. 
The octocoral limestone is mud-dominated and has 
relatively low permeability (5 mD) in spite of relatively 
high porosity (Table 3). The hexacoral limestone has 
considerable amounts of cemented mud matrix in 
both older and younger hexacoral limestone. In this 
lithology, porosity has been calculated to around 15% 
from mass and bulk volume of hand specimens and 
from density data from geotechnical boreholes (Table 
1), apart from the upper few metres of hexacoral lime-
stone sections where porosity can reach around 30%. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13 
 
 
 
 
 
 
 

a b c 

d f e 

Fig. 13. Back-scattered electron micrographs of polished thin sections. Each picture represents a width of 1.3 mm and shows skeletal 
bryozoan debris, large foraminifers (lightest tone), mud (< 63 µm) comprising small foraminifers, coccoliths and skeletal fragments 
(grey) and pore space (black). a: Bryozoan packstone, porosity 37.9%, permeability 51.3 mD, unit 8 in quarry wall at 180 m (Fig. 
9a). b: Indurated, bryozoan packstone, porosity 37.6%, permeability 103 mD, borehole FX8901, 21.5 m (Fig. 10). Calcite crystals are 
mainly seen on internal pore walls of bryozoans. c: Strongly indurated, grain dominated packstone, porosity 37.2%, permeability 
228 mD, sample N9, unit 14 (Fig. 8). Large fragments of bryozoans are overgrown by calcite. d: Octocoral mudstone-wackestone, 
porosity 36.3% permeability 3.5 mD. The degree of skeletal fragmentation is high. e: Wackestone from a thin zone inter-bedded 
with typical mud-dominated bryozoan packstone, porosity 41.4%, permeability12 mD. f: Indurated bryozoan grainstone, porosity 
44.5%, permeability 966 mD, northeastern part of Faxe quarry (Fig. 7a, upper sample).
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mD show high values indicating an open pore struc-
ture (Fig. 14b). Indurated zones of bryozoan limestones 
(Figs 10, 13b, 13c) can however, have 3–6 times higher 
permeability than the 30 mD that characterize the data 
cloud (Fig. 14b). Permeability anisotropy of bryozoan 
limestone was found by comparing permeability of 43 
pairs of adjacent samples taken perpendicular to bed-
ding (kv) and parallel to bedding (kh). The resulting 
small kv/kh anisotropy factor of 2.0 can be explained 
by the presence of a weak lamination on a mm scale, 
observed to be more or less randomly distributed 
in about half of the bryozoan limestone samples. A 
range of typical bryozoan limestone samples from 
Faxe, with permeability from 12 mD to 70 mD reveal 
capillary pressure drainage curves with a larger 

14a) and also with porosity (Fig. 14b). The permeability 
of a mixture of small and large grains varies theoreti-
cally with the fraction of fine grains with minimum 
permeability for mud-dominated packstone with 
complete packing (Glover & Luo 2020). The dashed 
line through our data (Fig. 14a) shows how limestone 
permeability at Faxe is controlled by depositional 
texture, with mud-dominated bryozoan packstone 
reaching a low permeability of 8–10 mD for a mud 
fraction of around 0.40. Octocoral limestone shows 
relatively low porosity and permeability values, the 
bryozoan limestone plots as a cloud with porosity 
of 0.35-0.48 and permeabilities of 3–300 mD, whereas 
mud-poor samples of indurated bryozoan packstone 
and grainstone deposits with permeability up to 2324 
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Fig. 14. a: Horizontal Klinken-
berg corrected permeability 
versus amount of carbonate 
mud. Typical chalk from 
North Sea reservoirs is shown 
for comparison. The dashed 
trendline shows permeabil-
ity of a binary grain mixture 
with a local minimum at 0.4 
for mud-dominated lithology 
(Glover & Luo 2020, fig. 1). b: 
Horizontal Klinkenberg cor-
rected permeability versus 
He-porosity for Faxe quarry 
limestones of different depo-
sitional origins compared 
with North Sea chalk from 
the Ekofisk and Tor Forma-
tions (Røgen & Fabricius 
2002). A high permeability 
trend is seen for samples with 
relatively low amounts of car-
bonate mud. The data cloud 
for bryozoan mud dominated 
packstone represents variable 
amounts of fine particles. 
Porosity-permeability data 
for the octocoral limestone 
falls close to the trend for Tor 
Formation chalk.
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Conclusions
At Faxe quarry, Sjælland, a mound complex of bryozo-
an limestone and coral limestone that was up to 100 m 
thick before excavations, was studied using outcrops, 
well and GPR data. The age of the limestones ranges 
from the early Danian to the latest middle Danian, 
including a complete middle Danian section dated as 
NNTp2F – NNTp4C (Varol 1998), NP3 (Martini 1971). 
A few kilometres from Faxe quarry, Danian strata are 
eroded to around 20–50 m in thickness and consist of 
bryozoan limestone. Bryozoan limestone thicknesses 
of over 40 m span an area of approximately 12 km2 
whereas coral limestone is only proven in an area of 
2 × 2 km. However, it is likely that coral limestone 
near Faxe covered a larger area before Neogene and 
Quaternary erosion. 

The internal geometry of the mound complex at 
Faxe is characterised by three parallel northwest–
southeast-striking ridges of middle Danian bryo-
zoan limestone. Each ridge measures 700–1100 m by 
200–300 m, with a relief of about 15 m. Bryozoan lime-
stone strata have an overall dip towards the northeast 
(Fig. 5b). A vertical section along the long axis of the 
southern bryozoan ridge is exposed in the southern 
quarry wall where seven typical bryozoan mounds 
characterise the upper part of the ridge. The dominant 
deposits above and between the bryozoan ridges are 
two hexacoral limestone bodies that formed mounds 
with a vertical thickness of up to 40 m by filling lows 
between ridges. Boreholes reveal one as an exten-
sion to the northeast of the thick northern hexacoral 
body (Fig. 5b) and another hexacoral limestone body 
30 m below the major bodies within middle Danian 
bryozoan limestone in the southern part of the quarry 
(Fig. 8). A previously unrecognised occurrence of 
highly permeable bryozoan grainstone, without flint 
was observed in a 100 m wide and up to 10 m high 
section (Fig. 7). 

The early and middle Danian deposits at Faxe 
have been placed into a geochronologic time frame 
using eccentricity solution La2010a to construct a cy-
clostratigraphic calibration of middle Danian strata. 
However, we cannot exclude alternative eccentricity 
solutions. Cyclicity observed in core porosity and 
permeability data and supported by nannofossil data 
is important for our cyclostratigraphic calibration, 
which indicates an age for the NP2\NP3 nannofossil 
boundary of around 65.1 Ma. Long permeability cycles 
modulate shorter cycles in porosity, which are divided 
by thin decimetre scale zones of indurated, mud poor 
limestone with high permeability and relatively low 
porosity. Orbital cycle durations of around 400 ka 
observed in permeability data may have caused minor 
sea-level variations in the middle Danian (NP3). We 

spread and steeper profile than for typical North Sea 
chalks (Andersen 1995, fig. 3.11), indicating more vari-
able pore size and pore size distribution for the Faxe 
limestones (Fig. 15a). The entry pressure for bryozoan 
limestone is c. one order of magnitude lower than for 
chalk because fragmented bryozoans are associated 
with large interparticle pores (Fig. 15b). 
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Fig. 15. a: Capillary pressure (Pc) versus water saturation of 
bryozoan limestone from Faxe quarry as measured by the 
porous plate method (Lin et al. 2017) compared with a typical 
capillary pressure curve for North Sea chalk (Andersen 1995). 
The entry pressure of North Sea chalk is 1-2 orders of magni-
tude higher than for bryozoan limestone and the horizontal 
Pc curve of the chalk indicates a more homogeneous pore size 
distribution. b: Entry pressure (Pe) versus horizontal perme-
ability illustrates the difference in pore space characteristics 
between bryozoan limestone and North Sea chalk.
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mapped the surface (Fig. 4d) on which fast growing 
hexacoral limestone accumulated at a rate of 19 cm/
ka compared with middle Danian bryozoan limestone 
that accumulated at a rate of only 3.1 cm/ka. An age of 
around 63.3 Ma within nannofossil subzone NNTp4C 
is assigned to the regional sequence boundary S3–S4 
separating older and younger coral limestone.

The proportions of bryozoan limestones and coral 
limestones before excavation is estimated to approxi-
mately 2/3 and 1/3 respectively. The common flint 
bearing bryozoan limestone is dominated by a mud-
dominated packstone texture with bimodal grainsize 
distribution and closest grain packing for a mud 
content of 40%. The flint-bearing bryozoan limestone 
shows a wide range of porosity and permeability with 
typical values of 42% and 30 mD respectively. Capil-
lary entry pressure is found to be one order of magni-
tude lower for bryozoan limestone than for chalk with 
carbonate mudstone texture. For bryozoan limestone 
with or without flint we find that the more strongly 
indurated zones have grainstone or grain-dominated 
textures, low mud content and high permeability. The 
hexacoral limestone is dominated by a lithified mud 
matrix and poor reservoir properties.
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