
Stratigraphy, and especially cyclostratigraphy, uses 
rhythmically alternating lithologies for analysing and 
dating time span and causes of changes in the depositional 
environment. The approximate time span of individual 
beds and couplets are a basic requirement for fine-
tuned cyclostratigraphy based on lithological changes. 
Limestone-marl alternations are often used for this kind of 
approach, even though correlation of individual limestone-
marl couplets over long distances have been questioned in 
the last 25 years by studies investigating their specific 
diagenetic processes (among others Munnecke & 
Samtleben 1996; Böhm et al. 2003; Westphal et al. 2010, 
2015; Bádenas et al. 2012; Gygi 2012; l’Heureux 2018).

As the precise duration of the deposition of a single 
bed normally cannot be determined, the temporal range 
of the whole succession is usually divided by the number 
of couplets (Schlager et al. 1998). The resulting time span 
of single beds/couplets thus varies from several 1000 
(e.g. millennial cycles) to several 100,000 (Milankovitch 

cycles) years (Hilgen et al. 2003; see compilation in 
Strasser et al. 2006). Several problems, however, arise 
through this method. Apart from hiatuses and the difficulty 
of defining the precise age of a couplet, fluctuating 
sedimentation rates are a further limiting factor for any 
fine-tuned resolution (Sadler 1981). Sadler (1981) and 
later Schlager et al. (1998) formulated a dependence 
of the calculated sedimentation rate on the length of 
the observed interval, with a reduced rate from larger 
observation intervals (Sadler effect). Or, in other words: 
“We invariably find that the rock record requires only 
a small fraction, usually 1 to 10 per cent, of the available 
time, even if we take account of all possible breaks in 
the sequence” (van Andel 1981), which means that more 
than 90% of the time is not recorded in the respective 
sediments, not even in the deep sea. So how do we know 
if this missing time is still reflected in the cyclicity (e.g. 
only 10% of every climatic cycle is recorded)? Or is the 
missing time rather reflected in a lack of an unknown 
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number of cycles? This, however, would make a big 
difference for any frequency analysis. Another potential 
source of error might be introduced by misidentifying or 
overlooking the diagenetic processes, either early or late, 
which overprinted all classical limestone-marl alternations 
(see review in Westphal 2006). Climatic cycles do exist, 
and identification of the underlying astronomical cycles 
in the sedimentary record can produce reliable results 
(e.g. Langereis & Hilgen 1991, Da Silva 2013). However, 
as early as 1958, Sujkowski wrote that “not all series of 
alternating beds of soft and hard limestone are developed 
only during diagenesis, but primary rhythm of this type 
are rarer than usually believed. [...] Probably most of 
rhythm seen in stratified rocks is partly or completely of 
diagenetic origin.” And Westphal et al. (2015) showed an 
example of turbiditic sediments that were diagenetically 
transformed into limestones and marls oblique-angled to 
the depositional surface. Nohl et al. (2019) provided an 
example of lithification in which the deposits of a single 
storm event morphed into both marl and limestone. In 
both examples, the process generating the limestone-marl 
alternation was identified as early diagenetic carbonate 
redistribution by aragonite dissolution and reprecipitation 
as calcite (Munnecke & Samtleben 1996), a process called 
“differential diagenesis” (Westphal et al. 2015, Nohl et 
al. 2019). It seems that lithification of single beds does 
not necessarily require specific sedimentary properties 
(Hallam 1986, Böhm et al. 2003, l’Heureux 2018) because 
strongly differing primary sediments can be united in 
a single lithified bed (e.g. mudstone and rudstone) under- 
and overlain by uncemented marl (Munnecke 1997; 
Westphal et al. 2008, 2015; Nohl et al. 2019). This would 
not be expected if diagenesis strictly followed sedimentary 
parameters. The question remains, what is the steering 
mechanism of selective cementation and dissolution?

In this study, we present an example of coral colonies 
with a surrounding limestone-marl alternation. The 
example provides both a cyclic change in lithology and 
a record of changes in the depositional environment 
with a relative timeframe deduced from the coral’s 
life span. These coral buildups represent special reef-
like deposits that can be called filled frame reef after 
Riding (2002). The peculiarity of these coral buildups 
is that they crosscut several layers of their surrounding 
limestone-marl alternation, which means that some parts 
of a coral colony are filled with limestone or have marl 
interbeds. The growth of reef builders can be irregularly 
interrupted when conditions become unfavourable, e.g. 
by higher sediment input, lower nutrient supply, sunlight 
fluctuations or changes in the sea surface temperature 
(among others Ma 1958, Cruz-Piñon et al. 2003, Young & 
Kershaw 2005).

The samples studied here represent special types of 
reefal buildups, which are associated with a limestone-

marl alternation or, respectively, marl interbeds. Thus, their 
significance for reefs in general is, due to the high variety 
of reef types, limited (see compilation in Riding 2002). 
But as the corals serve as a framework for the surrounding 
limestone-marl alternation, they have witnessed their 
depositional development as well as their skeleton might 
give hints on the diagenetic development. The samples 
were taken from the Silurian of Gotland (Sweden). The 
prevalent halysitid corals grew on soft substrate, with 
only a small part protruding out of the sediment, and the 
coeval background sediments being baffled in between the 
corallites (Lee & Elias 1991, Calner et al. 2000, Liang et al. 
2016). The samples were studied in terms of coral growth 
(including growth banding), interruption of coral growth 
and breakage, and finally compared with the embedding 
lithology to answer the following research questions:  
(1) How much time is recorded by the coral colony and 
how does this compare to a single limestone-marl couplet 
that penetrates through the coral colony as well as the 
couplets outside the colonies, (2) how does the sediment-
baffling coral influence the distribution of limestone and 
marl, and (3) how well are events, which are recorded in 
the coral skeletons, displayed by changes in lithology?

Geological Background

Lower Visby Formation in Ireviken (Gotland)

The first sample set was taken from the Halysites biostrome 
in Ireviken (Gotland, Sweden, 57° 50´ 37.3˝ N, 18° 34´ 
15.5˝ E) (Fig. 1). The sediments are late Llandovery in 
age (lower Silurian) and are well studied in terms of their 
biogenic compounds, depositional environment, and 
isotopic composition (Manten 1971, Stel 1978, Nield 1982, 
Kershaw 1994, Samtleben & Munnecke 1999, Calner et al.  
2000, Berkowski & Zapalski 2018). Manten (1962, 1971) 
erroneously attributed the deposits to the Upper Visby 
Formation. However, the boundary between Lower and 
Upper Visby Formation is characterised by a turnover in 
the conodont fauna (Jeppsson 1983), the disappearance 
of the small rugose coral Palaeocyclus porpita (Hede 
1921), and a mass occurrence of the large rugose coral 
Phaulactis angusta in the lowermost Upper Visby 
Formation (Samtleben et al. 1996, Adomat et al. 2016), 
known as the ʻPhaulactis layerʼ. This layer correlates 
with the onset of a strong positive δ13C excursion called 
the Ireviken excursion (Samtleben et al. 1996, Adomat 
et al. 2016). Based on the stable carbon isotope values of  
+1.4% (Samtleben et al. 1996) and the finding of the 
Phaulactis layer about 9 m above the base of the section 
(own observation), the Halysites biostrome clearly belongs 
to the Lower Visby Formation. The sampled interval is 
described as a halysitid autobiostrome that formed below 
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the storm wave base in a calm environment that can be 
defined as a platform slope (Kershaw 1994, Samtleben 
& Munnecke 1999, Berkowski & Zapalski 2018). It 
continues over several hundred metres with a thickness of 
up to one metre. The biostrome is composed of halysitid 
(Halysites catenularius), heliolitid and favositid corals, 
but also of rugose corals (mostly Cystiphyllum visbyense). 
Fragments of trilobites, brachiopods and echinoderms are 
found throughout the outcrop, but are enriched in several 
thin layers. 

Material and methods

In Ireviken (Gotland), three contiguous samples were 
taken, from which thin sections and micro-CT scans were 
produced.

The thin sections were studied in terms of the matrix 
composition, compaction, the growth periodicity of the 
corals, and their growth interruptions. From the growth 
periodicity derived from density bandings, the life span 
of the corallite was calculated. For the determination of 
the matrix, a scanning electron microscope (Vega\\XMU) 
was used. Cathodoluminescence was used to identify 
different cement generations within the corallites, utilising 

a Technosyn stage. The micro-CT scans, produced in 
a phoenix v|tomex|x s, were used to document the spatial 
distribution of broken and unbroken parts of the coral 
colonies. The micro-CT scans are due to file size available 
on request from the authors.

Results

Deep-water biostrome from Ireviken, Lower 
Visby Formation, Gotland

The samples from the Halysites biostrome can be divided 
into the prevalent limestone and thin marl interbeds (Fig. 
2A). Both limestone and marl contain abundant halysitid 
and favositid corals in life position (Fig. 2), as well as 
small fragments of brachiopods, trilobites, crinoids, 
and less abundant bryozoans (Fig. 2B). Rugose corals 
as reported by Berkowski & Zapalski (2018) from this 
section were not present in these samples. The matrix 
is micritic, and cements are normally absent, except for 
fillings of corallites (Fig. 3A, B), though in the lime-
stone some cavities are filled with blocky calcite spar. 
Cathodoluminescence analysis revealed 3 to 4 cement 
generations within the halysitid and the favositid corallites 

Figure 1. Outcrop picture of the up to one metre thick an several hundred metres long Halysites biostrome and its surrounding limestone-marl 
alternation of the Lower Visby Formation at Ireviken (Gotland, Sweden). 



in both limestone and marl areas (Fig. 3C–F). While the 
limestone matrix is slightly luminescent (Fig. 3C), the 
marl matrix is not (Fig. 3D), except for a very thin rim 
around corallites that have been filled with calcite spar 
(Fig. 3D).

The halysitid coral is well preserved in the limestone 
but commonly broken in the marl. The former continuation 
of the corallites through the marl is clearly visible in the 
micro-CT scans. The halysitid coral not only continues 

from one lithology into the other (Fig. 4A), but broken, 
tilted pieces fit the missing parts between corallites from 
the two adjacent limestone beds (Fig. 4B, C).

The coral shows cyclic density banding (Figs 5, 6). The 
mean distance measured between 111 correlatable minima 
of density banding is 3.8 mm (standard deviation 0.9 mm) 
with 94 minima in the lowermost sample (Fig. 5, Tabs 1, 2).  
The distance between density banding minima for the 
favositid coral is 1.8 mm (standard deviation 0.4 mm).  
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Figure 2. A – close-up view of the outcrop at Ireviken; left side plain photo; right side with colour-coded marl (orange) and exemplary Halysites and 
favositid corals. • B – thin section with marl and limestone and small washed-in fragments in Halysites.
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The distance between two minima in Halysites is covered 
by 13.4 tabulae (standard deviation 2.6 mm) on average 
(Fig. 7). The counts of 19 or more tabulae between two 
minima probably result from unidentified minima in 
between.

The corals also show several growth interruptions, 
either in individual corallites (Fig. 8A) or in adjacent 
corallites at the same height (Fig. 8B). Some growth 
interruptions are followed by rejuvenation, sometimes 
after sediment filling in the tabular chamber in the corallite 
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Figure 3. Cathodoluminescence in Halysites. • A, C, E – limestone; A – selected limestone area; C – in limestone; note the luminescent matrix; 
E – close-up view of limestone; the arrows indicate the four cement generations. • B, D, E – marl; B – selected marl area; D – in marl, note the thin 
luminescent rim on top of the coral which is only found in close proximity of the unimpaired coral chamber filled with calcite spar; F – close-up view 
of marl, the arrows also indicate the four cement generations.
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(Fig. 8C), by development of new corallites (Fig. 8B), or 
by overgrowth by favositid corals (Fig. 8D).

In the lowest part, a layer enriched in sphalerite (Fig. 
9A, B) and pyrite was detected (Fig. 9C, D). The corallites 
are coated both on the outside and on the inside with 
thinly dispersed pyrite (Fig. 9C, D).

The favositid coral continues from limestone into marl, 
though the major part of the coral lies within marl (Fig. 
10A). The coral displays growth periodicity by density 
banding (Fig. 6A) and several growth interruptions (Fig. 
10B). In the marl, stylolites (Fig. 10C) are found in the 
coral. Breakage by compaction can be detected at points 
of growth interruption where broken remains were not 
removed from the coral (Fig. 10D). 

Discussion

Age of the coral colony

Following the assumption that density banding represents 
annual cycles (e.g. Ma 1934, Mazzullo 1971, Scrutton 
1998, Bae et al. 2006), the lowermost sample has an age 
of 34 years, as 34 horizontal lines of correlatable density 
banding minima were counted (Fig. 11). Dividing the 
coral colony’s height (144.4 mm) by the mean distance 
between density banding minima (3.8 mm) results in 
an age of 38.0 years (Tab. 1). In the middle and upper 
samples, correlation is difficult due to the limited number 
of identified density banding minima (Fig. 6A, B). The age  
of the colonies can thus only be gauged by measuring 
their height in the limestone and dividing it by the mean 
distance between density minima. For the middle sample, 
an age of 25.4 years was calculated. For the favositid coral 
a mean annual growth rate of 1.8 mm was measured, but 
as the number of correlatable density banding minima 
was very limited, literature data was used: With a 5 mm 
minimum growth rate for favositid corals (Scrutton & 
Powell 1980, Scrutton 1998), the age is 15.1 years. The 
age of the uppermost sample was calculated as 22.7 years. 
Undervaluing the age of the coral in the compacted marl is 
minor, as some corallites are unbroken and continue from 
limestone into the marl. Furthermore, in thin sections and 
micro-CT scans the size of broken corallites limits the 
possible undervaluation.
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Figure 4. Micro-CT scans. • A – density differences reveal areas of 
limestone and marl, as well as the two coral colonies (favositid and 
Halysites). Yellow arrows mark halysitid corallites traversing lithological 
borders unimpaired. Black arrows show broken corallites in the marl. •  
B – extracted Halysites colony; it is broken in the marl and well-
preserved in the limestone. White lines indicate corallites that were 
formerly connected. • C – large scan of the lowest sample from Ireviken; 
the thin marl layer cuts the colony, though it is clearly visible, the colony 
once continued.
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Liang et al. (2018) reported an inferred annual growth  
rate of 6 mm for Halysites catenularius from the Shein-
woodian of Estonia. With a mean of 3.8 mm, our results 
are lower but still within the growth rate for Halysites sp. 
of 3.4 mm to 11.7 mm according to Liang et al. (2018).  
The calculated annual growth rate of 1.8 mm for the 
favositid coral is also somewhat lower than the data 
from the literature, which report an annual growth rate of  
5 to 18 mm (Scrutton & Powell 1980, Scrutton 1998). As 
both measured growth rates are lower than the literature 
growth rates (Liang et al. 2018, Scrutton & Powell 1980, 
Scrutton 1998), external factors, like reduced light in this 
deeper environment or lower nutrient supply, might have 
caused reduced growth rates in both coral species. Still, 

in the Halysites specimen, the number of tabulae between 
density banding minima (mean of 13.4) correspond with 
the approximately 13 lunar cycles reported for Silurian 
years (e.g. Scrutton 1965, Mazzullo 1971). This supports 
the interpretation of variation in density banding as annual 
cyclicity. Thus, the time recorded in this colony spans 
only few tens of years. 

Time span of the limestones and marls 

The calculated age of less than 100 years for the coral 
colonies leads to the question of how much time is recorded 
in the limestone-marl alternation penetrating through 
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Table 2. Distances and number of tabulae between density banding minima for the three samples. Abbreviations: d – distance (mm); Nt – number  
of tabulae.

lowermost sample middle sample

d d, Nt d d, Nt d d, Nt d d, Nt d d, Nt

3.37 13 4.33 13 2.54 11 3.38 13 3.27 15

4.71 14 4.07 12 2.31 11 3.98 14 3.75 14

3.34 10 2.99 11 3.39 13 3.02 11 4.15 12

3.58 14 4.27 14 3.76 15 3.70 11 3.11 13

3.87 14 3.76 14 4.61 19 3.90 13 5.60 17

2.89 10 4.38 16 4.38 19 3.72 12 2.93 10

2.75 9 4.31 16 3.63 13 2.99 11 3.71 12

3.14 9 8.25 14 3.48 13 5.83 19 1.50   8

3.83 14 3.36 11 3.11 14 5.31 21 4.04 14

3.74 12 4.78 17 3.06 15 4.01 14 4.57 16

5.66 19 4.71 16 3.03 13 3.53 16 4.18 13

5.36 19 3.57 13 2.25 10 4.02 16 uppermost sample

3.37 12 3.23 12 3.53 12 3.86 15 d d, Nt

3.03 13 3.66 11 3.76 14 3.74 12 3.01 9

3.84 13 4.21 12 3.32 13 5.59 20 2.00 7

4.07 15 3.76 13 3.33 12 2.88 11 3.05 11

4.09 14 4.11 14 3.76 12 3.85 15 3.11 8

5.10 16 4.08 13 3.41 12 – – 4.42 17
4.35 12 3.71 15 3.37 13 – – 4.32 12

 

Table 1. Sizes, distances between 
density minima, and the resulting 
age of the coral colonies from 
Ireviken. Abbreviation: * – min - 
i mum growth rate for favositid  
co rals in Young & Kershaw 
(2005).

Sample Size (mm) Mean distance be-
tween density minima Age (years)

uppermost sample, Halysites 86.4 3.8 22.7

middle sample, Halysites 0.8 3.8 0.2

middle sample, Halysites 28.8 1.8 16.1

middle sample, Halysites 28.8   5.0* 5.8

middle sample, Halysites 34.7 3.8 9.1

lowest sample, Halysites 144.6 3.8 38.0
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Figure 5. Density banding minima of Halysites in the lowermost Ireviken sample. Legend: yellow circle – density banding minima; dotted yellow 
circle – uncertain density banding minima; yellow line – connection of density banding minima; dotted yellow line – connecting uncertain density 
banding minima; thin dotted yellow line – connection across corallites without identified density banding minima. Red background marks minima that 
could not be correlated with the rest. A total number of 34 lines were correlated. 
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Figure 6. A – density banding minima of Halysites in the uppermost Ireviken sample and B – in the middle Ireviken sample. Legend: yellow circle – 
density banding minima; dotted yellow circle – uncertain density banding minima; yellow line – connection of density banding minima; dotted yellow 
line – connecting uncertain density banding minima; thin dotted yellow line – connection across corallites without identified density banding minima; 
green line – density banding minima in the favositid coral.
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Figure 7. Histogram of the 
number of tabulae between den s - 
ity banding minima in Haly-
sites from all three samples from 
Ireviken. The second small peak 
at 19 is probably related to double 
distance due to unidentified den s- 
ity banding minima.

Figure 8. Halysites from Ireviken. • A – several growth interruptions within one corallite are indicated by yellow arrows. • B – contemporaneous 
growth interruptions in several corallites marked by yellow arrows. • C – infill of corallite (yellow arrow) with the same sediment (red dashed line) as 
outside documenting (1) contemporaneous sediment infill and growth of the coral, and (2) different angles between layers with coarser sediment infill. •  
D – death of the Halysites (yellow arrows) can be followed by settlement of a favositid coral colony. 

A B

C D



the corals. In high energy reefs, fine-grained sediment is 
usually constantly removed from the reef or preserved in 
reef cavities or coral interspaces, which are, however, rare. 
In these cases, the matrix does not necessarily represent 
the same time span as the surrounding reefal framework. 
The example from Ireviken studied here comes from 
a low energy environment, formed in a calm platform 
slope setting. This environment is characterised by 
muddy sediments without indications for enhanced water 
energy such as waves or currents. In contrast to many 
other tabulate corals, Halysites is a typical soft-bottom 
dweller and is therefore quite common in the Lower Visby 
Formation (Mõtus & Klaamann 1999). During the life 
time of the coral, most of the colony was sticking in the 
sediment, and only a small part was elevated above the 
seafloor (Buehler 1955, Liang et al. 2016). Presuming that 
coeval sediment was baffled between the corallites, the 
time span of the pervasive limestone-marl couplets would 
be less than 100 years. The calm depositional environment 

would speak for at least minor sediment removal. But as 
layers enriched in fossil fragments are not always parallel 
(Fig. 8C), the filling of the lacunae might have transpired 
at different rates.

The layerwise enrichment of pyrite within the corallite 
and the matrix could be seen as an argument for coeval 
sedimentation and coral growth, as, e.g. temporally higher 
input of organic material or clay could fuel pyrite or 
sphalerite growth (Fig. 9). The formation of sphalerite 
is unknown so far, but a common feature in the Lower 
Visby Formation (Spjeldnaes 2002). On the other hand, 
there is no response of the coral’s growth rate, the number 
of tabulae, or an increase in growth interruptions, which 
could be expected as corals are sensitive to changes in the 
depositional environment (Young & Kershaw 2005). Thus, 
this enrichment might rather be the product of precipitation 
in dysoxic or anoxic shallow burial conditions.

Accepting only minor removal of sediment from 
the coral’s interstices in this low energy environment 
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Figure 9. Sphalerite and pyrite in the Ireviken samples. • A – sphalerite (blue arrow) in the lowest sample. Corallites next to it show dark rims of pyrite 
like in C and D. • B – sphalerite in the uppermost sample also within a corallite. Picture is compiled of transmitted light and reflected light microscopy. •  
C – pyrite (yellow arrows) within corallites and matrix from the lowest sample. • D – close-up view of a corallite with pyrite (yellow arrow).
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gives a sedimentation rate of 3.4 m/k.y. within the coral 
colony. This is about ten times the commonly assumed 
sedimentation rate for slope sediments below the storm 
wave base (e.g. compilation in Read et al. 1991, Tucker 
et al. 2009). Wright (1994) pointed out that Carboniferous 
depositional systems might differ in productivity from 
comparative Cenozoic models. Adopting the sedimentation 
rate from the Halysites colonies to the surrounding 
limestone-marl alternation, which shows the same bed 
thickness inside and outside the biostrome, the deposits 
of the whole Lower Visby Formation with its exposed 
thickness of about 12 m can be extrapolated to only 
3.5 thousand years, which seems highly unrealistic. 
Furthermore, work by Sadler (e.g. 1981, 1994) and Schlager 
(e.g. 2005) showed the dependence of sedimentation rate 
on the length of the observed interval. Regarding these 
findings and our results, we conclude high sedimentation 
rates on Silurian platform slopes are possible but must be 
compensated by phases of non-deposition or at least much 
lower sedimentation rates (compare van Andel 1981).

Diagenetic influence

The general assumption for reefal structures is that 
cementation occurs in parallel with the growth of reef 
builders before dissolution which is associated with 
burial and compaction (Wood 1999). This assumption 
might not be true for the example shown in this study, 
which is a special type of reefal buildup. Also, the 
interpretation of marl interbeds reflecting times of higher 
terrigenous input (Desrochers et al. 2010) is questioned. 
The results show that the corals once extended from 
the precursor limestone to the precursor marl sediment 
without changes in coral growth. The very localised and 
abrupt compaction can only be explained by a strong 
mass loss (volume reduction) in the marl and very early 
cementation in the limestone. Such a scenario is proposed 
by the model of differential diagenesis by Munnecke & 
Samtleben (1996), in which an early diagenetic mass 
loss is ascribed to aragonite dissolution. According to 
the model, aragonite dissolution took place in distinct 
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Figure 10.  Favositid coral from the middle sample from Ireviken. • A – showing the coral started growing in the limestone and continues into the 
marl. • B – several growth interruptions are indicated by the red dashed line. • C – a stylolite (yellow arrow). • D – small breakage of the corallites’ 
top (yellow arrow) mark signs of compaction within the favositid coral in the marl which is otherwise too solid to break, like Halysites. Note that the 
broken pieces in D were not removed.
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Figure 11. Comparison of 
changes in the depositional envi r-
onment recorded by the coral, and 
the change of lithology be tween 
limestone and marl.



layers in shallow burial depth (more or less parallel 
to the former seafloor), and the dissolved aragonite 
reprecipitated as calcite in the adjacent limestone layers. 
Due to the lack of cementation in the dissolution zone 
(the later marl), these sediments are later mechanically 
compacted by ongoing sedimentation to a condensed layer 
with lower calcium carbonate content. Direct evidence 
for such a process was provided by Nohl et al. (2019), 
who demonstrated that primary aragonitic components 
were selectively removed from the marl and replaced 
by calcite cement in the limestones. However, in the 
examples studied here which are from comparatively deep 
environments, no primary aragonitic fossils are observed 
in contrast to abundant small fragments of calcitic fossils 
like trilobites or brachiopods, indicating that most of the 
dissolved aragonite was mud-sized, probably resulting 
from shedding from nearby shallow-water platforms. 
The pitted microspar (Fig. 12), which probably formed 
as calcite crystals that grew poikilotopically around later 
dissolved aragonite needles (Munnecke et al. 1997), 
points to differential diagenesis fuelled by aragonite mud. 
A contribution of larger aragonitic components from marl, 
where they are dissolved, is ruled out as the selective 
deposition of aragonitic fossils in the later marl layer 
would require a change in the depositional system which 
is not recorded by the coral. The cement import into the 
limestones and lack of cementation in the marl is also 
reflected in their cathodoluminescence behaviour, with 
bright luminescence in the limestone matrix (Fig. 3C) 
and its absence in the marl (Fig. 3D). Breakage of the 
top part of the favositid corallites and the non-removal 
of the tiny fragments further confirms compaction  
(Fig. 10D).

In conclusion, the lithological separation into lime-
stone and marl is a diagenetic feature, and the marl does 

not necessarily represent periods with higher terrigenous 
input.

The selective compaction also influences the preser-
vation potential of the fossils. More fragile components, 
like the Halysites compared to the favositid coral, can 
easily be misinterpreted in terms of correct size and 
abundance due to the artificial interruptions caused by 
selective compaction. The components potential for 
preservation is biased by differential diagenesis, and not 
by skeletal properties and erosion (Wood 1999). Not only 
destruction by selective compaction within one specimen, 
but also the possible selective removal of aragonitic 
components (Kerans et al. 1986, Munnecke & Samtleben 
1996, Sanders 2004, Cherns et al. 2011) as well as the 
condensation of calcitic components in the marl (Nohl et 
al. 2019) might bias acquired abundances and diversity of 
the fossil assemblage.

During a field trip to Point Laframboise (Anticosti, 
Canada), a second example of halysitid corals was found, 
showing the same phenomena as the ones from Gotland. 
As sampling was not permitted, the section was carefully 
documented in the field. The section of the Laframboise 
Member of the Hirnantian Ellis Bay Formation (uppermost 
Ordovician) comprise up to two metres high biohermal 
structures (Fig. 13A) that consist mainly of halysitid 
and other tabulate corals, rugose corals, calcimicrobes 
and microbialites, stromatoporoids, and bryozoans. Less 
abundant are fragments of brachiopods and trilobites, as 
well as crinoid fragments (Long & Copper 1987). The 
sediments formed below the fair-weather wave base. 
Large corals can be found therein, most of them in situ and 
only a small proportion tilted. The deposits can be divided 
into microbial and coral-dominated units, reflecting 
changes in nutrient supply and sunlight (Desrochers et 
al. 2010). They also include thin argillaceous interbeds. 
Microbialites and halysitid corals can be found in both 
lithologies, limestone and marl, but the halysitid coral is 
selectively broken and compacted in the marl interbed 
(Fig. 13B, C), like the one from Gotland. In the limestone,  
the coral is well preserved, though in some cases tilted.

In the example from Gotland, in addition to early 
dif ferential diagenesis, a late diagenetic influence is 
observed. Calcite spar within the corallites is here mainly 
not a phenomenon of early burial. Cathodoluminescence 
analysis reveals thin dark cements, which probably 
represent growth-concurrent cements as indicated by 
Wood (1999), and different generations of luminescent 
cements in unimpaired coral chambers, both in limestone 
and marl. These luminescent cement generations are 
interpreted as late diagenetic, because they are similar 
in corals from both lithologies. In addition, the accom-
panying slight luminescent rim of some chambers in the 
marl and its absence in the rest of the marl supports a late 
diagenetic origin (Fig. 3D).
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Figure 12. SEM picture of pitted microspar (yellow arrow) indicating 
the former presence of aragonite needles in the soft precursor sediment.



The favositid coral reveals another proof for a late 
diagenetic overprint. Several stylolites within the coral 
(Fig. 10C) show its response to sedimentary overburden 
in the marl. By losing the aragonitic part of the bolstering 
matrix during early diagenesis and the resulting mass/
volume loss, the favositid coral is further exposed to 

localised unbuffered pressure by progressive sedimentary 
overburden. It develops stylolites as it cannot break like 
the more fragile Halysites (Figs 10C, 11). Breakage 
of the top part of the favositid corallites and the non-
removal of the tiny fragments (Fig. 10D) further confirms 
compaction.
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Figure 13. A – outcrop picture of the bioherms of the Ellis Bay Formation at Point Laframboise (Anticosti). • B, C – close-up view of Halysites from 
the Ellis-Bay Formation on Anticosti; B – plain photo; C – marl indicated by yellow colour, the corallites of the Halysites are traced by a black dashed 
line. Note the deformed and broken Halysites in the marl, and the rare corallites which continue through the lithological boundary.

A

B C



Correlation of changes in the depositional 
environment with lithological changes

As shown above, the differentiation of the precursor 
sediment into limestone and marl occurred early by 
differential diagenesis. But does this mean that environ-
mental changes are irrelevant for differential diagenesis? 
Or, in other words, how well are changes in the 
depositional environment, which are recorded in the coral 
skeletons, displayed by a change in lithology?

Changes in density banding and growth interruptions 
in the corals are clear evidence for multiple changes in 
the depositional environment. The rhythmical change in 
lithology, however, does not correspond to the corals’ 
growth development (Fig. 11). Some of the growth inter-
ruptions are within the limestone, others in the marl. Some 
crises in skeletal growth are not accompanied by a change 
in lithology, while the coral colony remains intact through 
several of these lithological transitions. The best example 
is the favositid coral, which started growing in the 
limestone. It displays several severe changes apart from 
density banding, like interruption and recovery, within 
the marl, where it eventually died. Between its death and 
its overgrowth by Halysites the environmental conditions 
must have changed, but the marl matrix remains un-
changed. All these changes in coral growth might be 
overlooked as they are recorded in the marl. They might 
be misinterpreted as one event with seemingly more 
terrigenous input, and a lot of information gets disguised 
when the diagenetic origin of the marl remains unde - 
tected. Figure 14 illustrates the combined sedimento- 
lo gical and diagenetic processes that eventuate in our 
examples.

With the evidence so far, lithification seems to be 
indifferent to primary differences in the sedimentary input. 
The question arises if a single bed necessarily records 
a specific sedimentary event or if it might crosscut different 
layers, i.e. merging diachronous sediments into a single 
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Figure 14. interpreted diagenetic history of the Ireviken biostrome. •  
A – growth of favositid corals and Halysites; slight changes in the 
sedimentary input might or might not cause a reaction in terms of growth 
interruptions or death of the colony. • B – aragonite mud is dissolved in 
some areas and precipitated in others in an autocyclic process (compare 
l’Heureux 2018). • C – the zones losing aragonite are further on less 
resistant to compaction because of the mass loss. • D – the mature 
limestone-marl alternation does not reflect primarily sedimentary 
differences. Halysites is compacted and broken in the marl. • E – with 
further sedimentary overburden the differences in carbonate content in 
limestone and marl are enhanced. The favositid coral develops stylolites. 
Note the variance in time span within single beds. Within one single 
limestone bed, the time span might vary depending whether the spot 
of observation is within or outside of the sediment-baffling Halysites. 
Topography (e.g. caused by erosion) might cause similar mismatches in 
the time span. 

A

B

C

D

E



limestone (or marl) layer. It is reasonable to assume that 
sedimentation surrounding the sediment baffling Halysites 
(Liang et al. 2016) was slower than inside the colonies, but 
the limestone bed crosscutting the coral shows about the 
same thickness as in the surrounding deposits (compare 
Figs 1, 2A). Accepting a higher sedimentation rate within 
the coral than outside, the bed embracing the coral covers 
varying sedimentary events and thus varying time spans 
depending on the spot of observation (Fig. 14). Besides the 
reefal structures shown above, the Becscie Formation on 
Anticosti also reveals other evidence of obliquity between 
sedimentary layering and diagenetic cementation and, 
thus, an inconsistent time span within one bed (Fig. 15).  
Here, a single storm deposit with an erosional base was 
transformed into two cemented layers (limestone beds), 
separated by an uncemented layer (marl). And, on the 
contrary, two primarily very different layers are now 
part of one and the same limestone layer. Thus, not only 
the absolute time span recorded within one bed varies, 
but also the age might be diachronous, depending on the 
location. The irregular sedimentation and its conversion 
into more or less regular limestone-marl couplets demand  
a diagenetic model for the cementation of the beds. The 
model of differential diagenesis provides such a pos-
sibility. A common critique at this point is that these 
examples are isolated cases. As an increasing number 
of examples shows either a mismatch of lithology and 
change in the depositional environment or no change at all, 
the question has to be raised if we are facing a reporting 
bias as proposed by Puetz et al. (2016)? The indifferent 
lithification shown here and for different depositional 
settings, e.g. in Westphal et al. (2015) and Nohl et al. 
(2019), put into question the uncritical application of 
lithological changes in limestone-marl alternations for 
cyclostratigraphic analyses. 

Conclusions

1) The time-framework of the Halysites and the favositid 
coral, recorded by annual density banding minima, 
provide a temporal framework also for the surrounding 
limestone-marl alternation, even though limited.

2) The reconstructed high sedimentation rate of 3.5 m/k.y. 
for a short observation interval of slope deposits is in 
line with the Sadler-effect. But the results imply that the 
missing time in the depositional record is rather reflected 
by hiatuses than condensed sedimentary cycles.

3) Changes in the depositional environment and primarily 
sedimentary structures are not necessarily reflected by 
lithification, i.e. by the lithological changes of limestones 
and marls. The driving mechanism for the bedding of 
limestones and marls in the studied reefal structures is 
differential diagenesis and obviously not a change in sedi-
mentary input.

4) Aragonite mud can serve as a source for the calcium 
carbonate redistribution of differential diagenesis, making 
the presence of aragonitic fossils superfluous.

5) Differential diagenesis can distort or disguise primary 
environmental signals even within reefal structures and 
can cause a strong preservation bias.

6) The time span recorded in a single bed can be incon-
sistent depending on the spot of observation, putting into 
question the uncritical application of lithological changes in 
limestone-marl alternations for cyclostratigraphic analysis.

7) The results show the importance for cyclostratigraphic 
studies to examine the complete range of lithologies in 
a limestone-marl alternation in detail, especially because 
marls are often avoided for thin section analyses for pra c - 
tical reasons. Otherwise real sedimentological changes  
might be overlooked because they fade compared to the 
obvious changes between lithologies, which are, however, 
partly or even completely diagenetic in origin.
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