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High-resolution image analysis of laminae (organic-rich with calcareous nannofossils) in 
a black shale sequence: probability of orbital and suborbital climate cycles in the latest 
Cenomanian
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ABSTRACT
We conducted a high-resolution image analysis of the lamination present in a core interval of black shale from Hole 1260B (ODP Leg 207) on the 
Demerara Rise in the western tropical Atlantic. Gray scale digital image analysis results revealed environmental cyclic patterns that could be related 
to orbital and suborbital changes during the latest Cenomanian (94 Ma). High-resolution nannofossil biostratigraphy provided the detailed chronological 
information needed to constrain the time intervals of each cyclic event. A study of thin sections showed that the basic pattern of the millimeter-scale 
laminae was couplets of alternating dark organic-rich layers and white biogenic test layers. The composition of the dark organic-rich layer appeared 
to include the remains from microbial organisms with a chain-like structure. From the combination of the gray scale and thin section analyses, three 
well-expressed cyclic patterns could be recognized in the black shale interval, namely (1) meter-scale cyclic events (average interval of approximately 
413 mm), (2) centimeter-scale cyclic events (approximately 10–30 mm intervals), and (3) millimeter-scale cycles (average interval of approximately 
5 mm). These cyclic events could imply approximately 40 ky, 1–3 ky, and 300–700 yr time spans, respectively, on the basis of biostratigraphy. In 
addition, two other cyclic patterns indicating approximately 20 ky and 60–150 yr time intervals were weakly expressed.
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1. Introduction   

The mid-Cretaceous (Cenomanian-Turonian) was a time 

of peak global greenhouse climate conditions with the highest 

sea level, highest CO2 concentration in the atmosphere, 

and low thermal gradients from the poles to the equator. 

Distinctly laminated black shales, which are dark-colored 

mudstones enriched in total organic carbon (e.g. Ohkouchi 

et al., 2015), are common features of mid-Cretaceous organic-

rich sediments. These intervals of black shale deposition 

are often referred to as Oceanic Anoxic Events (OAEs) and 

are considered to be representative of times of black shale 

formation during Earth history (Ohkouchi et al., 2015). How 

the laminated black shales were deposited remains an open 

debate (e.g. Negri et al., 2003; Meyers, 2006; Jansa and 

Xiumian, 2009). Although millennial-scale cyclicity of black 

shales during this period has been described from continental 

outcrops or cores (Kuhnt et al., 1997; Kuroda et al., 2005), 

similar detailed descriptions from the deep sea are rare. 

Hetzel et al. (2011) observed that such cyclic patterns could 

be interpreted to present climatically induced changes in 

sediment supply, whereas Minisini et al. (2015) presented a 

process sedimentology of lamination in black shales from 

the Eagle Ford Formation. These limestone and marlstone 

couplets reflect climatic forcing driven by solar insolation, 

such as obliquity and precession etc. Oppositely, a driving 

mechanism of small-scale cyclicity in black shale was 

reported by Owens et al. (2016), which showed that the 

cyclothemic lamination in black shale was probably induced 

by quasi-periodic climate fluctuations.

Laminated sediment sequences provide important 

information about the conditions of deposition, including 

factors such as hydraulic dynamics and bioturbation (Kemp, 

1996). Image analysis of laminated sediments is a particularly 

effective tool for high-resolution paleoenvironmental studies 

with the additional benefit of low cost (Francus et al., 

2004). However, since the first application of image analysis 

to laminated core sediments (Ripepe et al., 1991; Abouelresh, 

2014), there has been no detailed description of millimeter-

scale lamination of black shales related to the driving 
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mechanism. Here, we applied high-resolution image analysis 

to a sequence of micro-laminated late Cenomanian black 

shale in order to assess whether the laminations have 

different orders of cyclicity (decadal to tens of millennia), 

which may imply orbital and suborbital climate cycles.

2. Samples and Analysis     

2.1. Geology Setting of Site 1260

The Demerara Rise is a submarine plateau off the coast 

of Suriname that stretches northward and gently dips to the 

northwest (Fig. 1). Early Cretaceous faulting along the 

northwestern edge of the Demerara Rise was caused by 

extensional movements, and created the gently dipping ramp 

that reaches up to 4,000 m of water depth (Gouyet et al., 

1994; Benkhelil et al., 1995). The Demerara Rise was drilled 

at Site 1260 (Leg 207, 2,549 m below the present sea level) 

in 2003. Lithologic descriptions of this site reveal a relatively 

continuous sedimentary Oligocene to early Albian succession 

with only a few hiatuses (Erbacher et al., 2004). The mid-

Cretaceous paleolocation of the site was in the equatorial 

region. A 93 m thick Coniacian-Albian sequence of Site 

1260, which included the sample of this study, consisted 

almost exclusively of laminated black shale (Erbacher et al., 

2004). We chose a 4 m sediment interval from a late 

Cenomanian sequence with no diastem. Based on shipboard 

observations, laminations associated with granulated forami-

niferal layers may reflect changes in carbonate productivity, 

episodic winnowing, or grain flows (Erbacher et al., 2004).

2.2. Image Analysis

We selected a 4 m length (428.25–432.37 mcd of Hole 

1260B) of drilling core sample for the high-resolution lamina 

study. One-quarter diameter of the well-laminated sediment 

core interval was cut from the core at the ODP Bremen 

Core Repository and stabilized in clear plastic shrink wrap 

for transport to our laboratory in Michigan. The intervals 

were separated to approximately 0.3–0.8 m length along 

natural breaks in the laminae. The core samples were not 

fully lithified, so they were carefully treated and opened just 

before analysis. The first step of our analysis was to take 

high-quality digital photographs under uniform exposure 

conditions. Before placing the sample on a camera stand 

table similar to that of Schaaf and Thurow (1994), artificial 

features, such as saw or scratch marks, were eliminated by 

smoothing the surface with a scalpel. The core sample was 

moved in a down-core direction on a simple parallel conveyer 

system that was made from a commercial aluminum frame. 

One-third image overlap was used to minimize edge-image 

distortion. Each image therefore covered an approximately 

25 mm interval of the core sample. The series of images 

were merged together carefully using the image editing 

software Adobe Photoshop. We applied ImageJ 1.33u (e.g. 

Abramoff et al., 2004) to extract the gray scale variation 

from the final image. For diminution of high-frequency 

noise within the gray scale values (Cooper, 1997), a smoothing 

method was applied. 

In order to analyze the details of the millimeter-scale 

laminations, resin-impregnated thin sections (Boës and Fagel, 

2005) were prepared. A microscope with a digital camera 

was applied to capture the magnified image. We applied 

the same process to extract gray scale variation from the 

thin section image.

2.3. Biochronology

High-resolution calcareous nannofossil biostratigraphy 

provided the detailed chronological information needed to 

constrain the time intervals of laminae features. Hardas and 

Mutterlose (2005) established a detailed biostratigraphic 

framework from a 10 cm interval sampling for the Cenomanian-

Turonian Boundary Interval (CTBI) in Hole 1260B. Based on 

the first and last occurrences of the biostratigraphically 

important nannofossil taxa (FO: G. segmentatum; LO: G. 

thera), Hole 1260B 428.5–432.7 mcd interval could be 

assigned to the UC3b-UC3d nannofossil zone (Burnett, 
Fig. 1. Location of Hole 1260B on the Demerara Rise and its late 
Cenomanian paleoposition.
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1998), which also corresponded to biozone NC12 (FO of G. 

segmentatum at 447.79 mcd; FO of Q. gartneri at 425.54 

mcd) of Roth (1978). Based on Burnett’s nannofossil zonation, 

the sedimentation rate in the sample range was estimated 

to be approximately 11.05 mm/ky (Gradstein et al., 1995; 

Hardas and Mutterlose, 2005). Based on the NC biozone of 

Roth (1978), it could also be calculated as approximately 

11.12 mm/ky around the target period. In addition, the 

shipboard results suggested an average sedimentation rate 

of approximately 9 mm/ky for the Cenomanian-Coniacian 

section of Site 1260 (Erbacher et al., 2004). From the good 

agreement of these three different biochronological estimates, 

we assumed the sedimentation rate of the sample interval 

to be between 9 and 11.12 mm/ky, or approximately 10±1 

mm/ky.

3. Results

3.1. General Description of Gray Scale Profiles

We recognized four different orders of cyclicity from the 

image analysis of Hole 1260B, namely (1) meter scale, (2) 

centimeter scale, (3) millimeter scale, and (4) basic laminae. 

Excluding meter scale, the lamination cycles were remarkably 

apparent in the transition from dark to bright color (Fig. 2). 

The reason for this may have been that strongly bright or 

dark parts of the core could not reveal the cyclic features 

that could be detected by image analysis. However, the fact 

that there was no visual cyclicity on the extreme parts did 

not mean that there were no inner-compositional cycles. 

Thus, clear cyclicity could remain a critical condition only 

during the time of intensive orbital activity. Nevertheless, 

we should realize the benefit of image analysis in that the 

cyclic trends unrecognizable to the naked eye can be 

detected. In contrast, some of the linear texture (possibly 

lamination) recognized by eye did not show a clear change 

in the image analysis. This phenomenon could have 

occurred because of the high-frequency optical noise that 

originated from the high-resolution digitizing. Therefore, a 

smoothing method to diminish this noise, such as the 

moving average command in Microsoft Excel, was applied 

to show any cyclicity more clearly (Cooper, 1997).

3.2. Cyclicity and Possible Periods

Above the critical gray value (around 80 gray scale), 10 

sinuosity peaks were identified in the 4 m interval (Fig. 2). 

These peaks define the meter-scale cycle that has an 

average wavelength of about 413 mm. On the assumption 

that this cycle is associated with the 40 ky obliquity cycle, 

the sedimentation rate could be deduced as 10.1 mm/ky, 

which agreed with the sedimentation rate of 10±1 mm/ky 

calculated from the nannofossil analysis. In some cycles, 

small-scale peaks (Fig. 2) were located almost between the 

main meter-scale crests. These middle peaks may imply a 

weak effect from precession, which has a period of 22 ky. 

However, this cycle did not appear consistently through the 

entire interval.

White and clear laminae with intervals of approximately 

10–30 mm (centimeter scale) were present throughout the 

core. The surface gray scale profile (Fig. 3a) represents this 

centimeter-scale cyclicity that clearly appeared among other 

millimeter laminae as the outstanding peaks that could be 

visually recognized (Fig. 3b). Around the traditional range of 

black and white (about 85 gray scale in Fig. 2), the centimeter-

scale cycle was more detectable. Although they had variable 

intervals between two peaks, most of the centimeter-scale 

peaks occurred at intervals between 10 mm and 30 mm and 

mainly had a length of approximately 15 mm. Some of the 

peaks (Fig. 3b) were minor relative to other major peaks. 

Nevertheless, the retention of the same interval was 

continual. On the assumption that the sedimentation rate 

was 10.1 mm/ky, the centimeter-scale intervals implied an 

approximately 1–3 ky cyclic change.

Millimeter-scale laminae were the most significant feature 

among the different cyclicities (Fig. 4). Even though the 

millimeter-scale laminae appeared in most parts of the 

studied interval, they were more easily recognized in the 

transitions between the light and dark meter-scale cycles, 

which was similar to the centimeter-scale cycles. Faint 

millimeter-scale features at the core could be recognized 

clearly using image analysis (Fig. 4a and Fig. 4b) even 

though the more intense peak shapes (Fig. 4a) were more 

prominent in the image analysis. Peak intervals of millimeter-

scale range between 3 mm and 7 mm had an average 

interval of approximately 5 mm. Increasing or decreasing 

trends of millimeter-scale intervals (e.g. Trend A of Fig. 4a) 

appeared in many parts of the 4 m interval. It seemed that 

the millimeter-scale intervals were related to progressive 

climate events that occurred at a period of 300 to 700 yr 

based on the average sedimentation rate of 10.1 mm/ky. 

We do not have an explanation for these short-scale 
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variations, but they were similar to the century-scale 

variations reported by Kuroda et al. (2005) in the Livello 

Bonarelli Cenomanian-Turonian black shale sequence. 

These relatively high-frequency cycles indicated that the 

depositional conditions leading to deposition of black shales 

was highly variable at times.

Fig. 2. (a) Stratigraphic location of the measured section (428.25–432.37 mcd of Site 1260B core; Erbacher and Shipboard Scientific Party, 
2005). (b) Gray scale profile from the digitized images. About 10 sinuosity peaks are described, which may indicate a time interval of 
approximately 40 ky. The pale gray range (approximately 85 gray scale) indicates a well-laminated and measurable zone. * indicates the 
location of the thin section.
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Fig. 3. Example of a centimeter-scale cycle, which may indicate an approximately 1–3 ky time interval. (a) Surface gray scale profile with 
smoothing option and (b) gray scale profile with smoothing option.

Fig. 4. Examples of a millimeter-scale cycle, which may indicate an approximately 300–700 yr time interval. (a) Typical gray scale profile 
showing repeated cycles and (b) contrast of clear lamination (left) and less clear lamination (right).

Coupled laminae (Point B in Fig. 4b) appeared throughout 

the core interval and were especially associated with strongly 

expressed laminations. We inferred that the coupled laminae 

could be the basic unit of all lamination features. Examples 

of sequential basic laminae are shown in Fig. 5. The intervals 

between laminae ranged from 0.6 mm to 2 mm. Obvious 

coupled laminae, such as those of Point B in Fig. 4b, had 

an approximately 0.6 mm interval, while sequential laminae, 

such as those in Fig. 5a, Fig. 5b, and Fig. 5c, were plotted 

from 1 mm to 1.5 mm, which was the more common spacing 

through the core interval. Consequently, approximately 60–
150 yr could be considered the cyclic period of basic laminae. 

Increasing or decreasing trends of lamina intervals, such as 

those in Fig. 5b, appeared place by place. However, due to 

the limitation of thin section space, we could not define the 

existence of such trends everywhere. 
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Fig. 5. Example photograph of each lamination, which may indicate 
an approximately 70–210 yr time interval. (a) Almost identical interval 
lamination, (b) increasing interval lamination, (c) crack developed in 
dark layer, and (d) possibility of microorganism composition in the 
matrix.

3.3. Laminae Composition

The microscopic images indicated that each lamina was 

created by the alternation of bright shells of planktonic 

organisms, such as foraminifers and radiolarians, and dark 

humic material that originated from organic matter. 

Observations of the thin section showed that sedimentation 

of the black shale sequence was quite stable without any 

disturbance and/or influx of secondary precipitation (Fig. 

5). At the border where the planktonic shells and humic 

material met, we frequently found chain-like residues that 

may have been the remnants of microorganisms that were 

the origin of the humic material (Fig. 5d).

4. Discussion

4.1. Significance of Laminated Sedimentation

Two fundamental requirements demand for the development 

of a laminated sediment sequence. First, there must be 

variation in input, chemical conditions, or biological activity 

that will result in compositional changes in the sediment. 

Second, stable environmental conditions must exist to prevent 

the laminated sediment fabric from experiencing bioturbation 

or physical disturbance (Talbot and Allen, 1996). Therefore, 

the depositional environment of the micro-laminated black 

shale at Site 1260 should satisfy these conditions as well. 

Observations of the thin sections showed that bioturbation 

and/or strong diagenesis accompanied with calcite enrichment 

from the interstratal solution did not occur. Therefore, each 

lamina might preserve details of the depositional history 

during the mid-Cretaceous period that this sediment interval 

represented.

If an individual laminated couplet can be shown to 

represent sediment accumulation from a single year, then 

it is called a varve (de Geer, 1912). Classic varves comprise 

couplets of clastic sediment that differ in color and texture. 

Most varves occur in lake or offshore marine areas and 

originate from annual or seasonal depositional changes, but 

open ocean varved sequences also exist (e.g. Ripepe et al., 

1991; Schimmelmann and Kastner, 1993). The oceanic varves 

usually indicate longer period cycles than annual accumu-

lation, so the term varve is sometimes used for the wider 

meaning of any periodic sedimentary texture. The laminations 

identified in our study fell into the broader category of 

multi-annual varves that represent longer periodic cycles.

Multi-annual varves have been compared to long climatic 

cycles, such as El Niño (approximately 3–6 yr cycles; Hagadorn 

et al., 1995; Halfman and Johnson, 1988) or Earth orbital 

cycles. Kemp et al. (1996) tried to ascribe lamina-scale 

alternations in equatorial Pacific sediments to anti-El Niño 

(La Niña) periodicities as well, even though oceanic 

lamination environments still need to be better understood 

(e.g. Dean and Kemp, 2004). To the cyclicity of hundreds 

to several thousands of years, Anderson et al. (1987) 

attempted to describe the lamination-bioturbation facies in 

offshore California sediments. They deduced that the facies 

originated from the oscillation of the oxygen minimum 

zone (OMZ). Most studies that have focused on multi-annual 

varves have mainly been concerned with relatively recent 

climatic change, especially Milankovitch cycles during the 

Quaternary. The cyclic features of our study suggested the 

probability of these climatic cycles in the paleo-equatorial 

deep-sea environment.

4.2. Mid-Cretaceous Orbital Cyclicity

Although many cyclic studies do not focus only on 

laminated features, comparable studies of the Cretaceous 

cycle have described black shale sequences in both oceanic 

cores and continental outcrops. Herbert and Fischer (1986) 

showed clear evidence of Earth’s orbital variations during 

the mid-Cretaceous. The 21 ky cycle reflecting precession 

movement appears as repetitions of anoxic episodes and 

limestone marl from a black shale sequence in central Italy 
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(Herbert et al., 1986). Another example of precession cycles 

during the Late Cretaceous was described by Martin-Chivelet 

and Gimenez (1992) from a lithostratigraphic study of the 

Sierra de Utiel Formation in southeast Spain. Wortmann et 

al. (1999) interpreted that the dominant periodicity of the 

lower Cretaceous sequence of the Rehbreingraben Formation 

in South Germany was related to the precession frequency 

as well. Milankovitch cycles of eccentricity (approximately 

100 ky) were represented as the major periodicity in an 

upper Albian succession of the North German Basin by 

Prokoph and Thurow (2000). Fiet and Gorin (2000) assumed 

that cyclicity expressed by the pelagic marl and limestone 

alternations of Barremian deposits was the result of orbital 

parameters, especially precession and eccentricity. Hofmann 

et al. (2003) found millennial to centennial-scale cyclic 

records of Coniacian to Santonian deposits in the eastern 

tropical Atlantic. In particular, a high-resolution cyclo-

stratigraphic framework allowed them to estimate a rapid 

change (within < 1,000 yr) in black shale environmental 

conditions during this period. Similar evidence of short- 

term changes for the Early Albian has been reported by 

Friedrich et al. (2005) as well. 

For the Cenomanian, which was the target period of our 

study, some studies have presented evidence of orbital 

variation from outcrops of Cenomanian strata (Sageman et 

al., 1997; Gale et al., 2002). These previous results from 

Cretaceous black shales imply that Earth orbital variations 

may be the basis of our hypothesis that cyclicity of upper 

Cenomanian black shale of the Demerara Rise could also 

originate from orbital or suborbital movements. Furthermore, 

recent logging results from Cenomanian-Turonian black 

shale sequences in the Tarfaya Atlantic Coastal Basin in 

Morocco (Kuhnt et al., 2005) show similarities with our 

findings and suggest that these cyclic fluctuations (mainly 

obliquity) are general features of the Cenomanian to Turonian 

period. Moreover, results of the lamina-scale chemical 

compositional mapping of the Livello Bonarelli black shale 

by Kuroda et al. (2005) were more comparable with our 

results, which showed individual laminae at two different 

orders of fluctuations ranging from the 102 yr scale and the 

103–104 yr scale.

4.3. Origin of Basic Lamina

As mentioned in the previous sub-chapter, each lamina 

was created by the alternation of bright shells of planktonic 

organisms, such as foraminifers and radiolarians, and dark 

humic material that originated from organic matter.

The origin of high organic carbon contents in black shale 

deposited during the mid-Cretaceous is still debated. Part 

of the controversy is that high accumulation of organic 

matter in sediments under anoxic condition demands elevated 

primary production, which requires oceanic mixing that 

would yield more oxic and nutrient-rich conditions. However, 

recent studies have shown that the coupled presence of 

isorenieratene-derived biomarkers, which are distinctive to 

green sulfur bacteria, and low δ15N values, which are 

signals of nitrogen-fixing cyanobacteria (e.g. Ohkouchi et 

al., 2015), indicate that microbial primary productivity was 

important to black shale deposition and imply strongly 

stratified oceanic conditions (e.g. Kuypers et al., 2004; 

Meyers, 2006). Another study (Meyers et al., 2009) conducted 

with the same samples indicated that the same nitrogen-

fixing environment occurred in black shales during the 

mid-Cretaceous period. Consequently, the microbial organisms 

with a chain-like structure in the dark organic-rich layer 

could be deduced as Cyanobacteria. Here, we also inferred 

from the existence of laminae that primary productivity 

alternated between normal and strong stratified oceanic 

conditions during black shale deposition in response to the 

oscillation of orbital or suborbital change.

5. Conclusions 

High-resolution image analysis of late Cenomanian black 

shale from Hole 1260B (ODP Leg 207) on the Demerara Rise 

suggested the following implications:

1) Gray scale digital image analysis results revealed environ-

mental cyclic patterns that could be related to orbital 

and suborbital changes during the latest Cenomanian. 

2) Three notable cyclicities were recognized in the late 

Cenomanian black shale, namely (1) meter-scale cyclic 

events (average interval of about 413 mm), (2) centimeter-

scale cyclic events (approximately 10–30 mm intervals), 

and (3) millimeter-scale cycles (average interval of about 

5 mm).

3) These cyclic events could imply approximately 40 ky, 1–3 

ky, and 300–700 yr time spans, respectively, on the 

assumption that the sedimentation rate was approximately 

10 mm/ky. In addition, two other cyclic patterns indicating 

approximately 20 ky and 60–150 yr time intervals were 



High-resolution image analysis of laminae (organic-rich with calcareous nannofossils) in a black shale sequence 47

weakly expressed.

4) Studies of thin sections showed that the basic pattern of 

the millimeter-scale laminae was couplets of alternating 

dark organic-rich layers and white biogenic planktonic 

shell layers. The composition of the dark organic-rich 

layer appeared to include the remains from microbial 

organisms with a chain-like structure, which were possibly 

Cyanobacteria.
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