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Abstract 
The Upper Jurassic Akkuyu Formation of south-western Turkey consists of pale-coloured 
carbonate facies, but includes a peculiar ‘black band’ at its base. In order to characterize the 
depositional environment of this level, a sedimentological, organic and inorganic geochemical 
study was performed on 30 samples. Three units are distinguished. Unit 1 consists of black 
marlstones, very rich in organic carbon (22–30%) with HI (hydrogen index) values around 
600. The organic matter is an amorphous homogeneous material even at nanoscopic scale. 
This unit is also characterized by a very high concentration of V ( >1000 p.p.m.) and a δ13Corg 
value around −26·5‰. Unit 2 shows thin-bedded black limestones with chert layers. Its 
organic content varies from 2% to 6%. As in unit 1, the HI values are uniformly high (600), 
and gas chromatography shows a high quantity of hopanes. The V concentration is also high 
(≈400 p.p.m.). The unit has a high Sr/Ca ratio, an organic carbon isotopic ratio close to 
−28·7‰ and diffuse, nanoscopically amorphous organic material that is closely associated 
with pyrite. Unit 3 corresponds to the white limestones overlying the ‘black band’. This 
calcitic facies is almost devoid of organic carbon (<0·1%). The δ13Corg values are similar to 
those of unit 1 (−25·5‰ to −26‰). Deposition occurred in a basinal environment surrounded 
by a carbonate platform. Primary productivity was high but not exceptional; terrestrial organic 
inputs were scarce. Bottom waters were probably euxinic during the deposition of unit 1. The 
presence of both hopane-rich and sulphur-rich nanoscopically amorphous organic matter may 
be the result of strong sulphate-reducing bacterial activity. Coupled with low amounts of iron, 
this led to intense vulcanization of the organic matter and thus good preservation. With the 
onset of unit 2 deposition, environmental conditions became less extreme, perhaps because of 
cooler water temperatures. Finally, the depositional conditions became oxic, leading to the 
accumulation of pale-coloured organic-poor limestones of unit 3. 
 
Introduction 
Organic geochemical studies of carbonate rocks have demonstrated their importance in 
generating hydrocarbons ( Jones, 1984; Oehler, 1984; Palacas et al., 1984; Claypool & 
Mancini, 1989; Taguchi & Mori, 1992). Most of these studies, however, focused on the 
geochemical characterization of the kerogen and the generation of hydrocarbons. Our 
objective is to understand the factors contributing to the development of carbonate source 
rocks, by studying the origin of organic matter and conditions that favour its preservation and 
distribution within sediments, using a multidisciplinary approach (sedimentology, organic 



petrography and geochemistry). The case study examined here is a carbonate ‘black band’, a 
conspicuous horizon occurring at the boundary between lower and upper Kimmeridgian 
within the Upper Jurassic–Lower Cretaceous Akkuyu Formation of SW Turkey. 
 
Geological Setting 
The central part of the western Taurus Mountains in south-western Turkey (Fig.  1) comprises 
a thick succession of pale-coloured carbonates of Mesozoic age overlain by Eocene flysch. 
South of Lake Beysehir, the pale-coloured carbonate facies includes a peculiar ‘black band’, 
described as bituminous by Blumenthal (1951). Martin (1969) defined this level as part of the 
Akkuyu Formation, a conspicuous Upper Jurassic to Lower Cretaceous pelagic formation 
within the shallow-marine carbonate platform facies. In the type locality, the entire formation 
is ≈200 m thick and can be subdivided into three informal members:  

1 The lower member (60–70 m thick) consists of thinly bedded white to beige micritic 
limestones containing pelagic fauna and plant remains. The ‘black band’ appears about 10 m 
from the base and is an excellent marker bed ( Monod, 1977; Gutnic et al., 1979). This level 
is 3·5–5·0 m thick and contains numerous ammonites ( Enay et al., 1971), aptychi, radiolaria, 
thin-shelled flat-valved bivalves, fish debris ( Forey et al., 1985) and plant remains ( Corsin & 
Martin, 1969). At the type locality, the rich ammonite assemblage of the ‘black band’ 
provides confident data pointing to a Kimmeridgian age and, more precisely, to the boundary 
between lower and upper Kimmeridgian ( Enay et al., 1971).  

2 The middle member (130 m thick) consists of well-bedded white micritic limestones and 
brownish cherty limestones. At the base, ammonites indicate a Tithonian age, whereas the age 
of the top is not clearly established. 

3 The upper member, corresponding to the uppermost 10 m of the Akkuyu Formation, 
consists of thicker beds of calcarenitic limestone. Reworked calpionellids indicate a 
Berriasian to early Valanginian age. 

The Akkuyu Formation exhibits noticeable regional variation in facies, thickness and age ( 
Monod, 1977; Gutnic et al., 1979), summarized in Fig.  2. Whereas it is mainly composed of 
white pelagic limestones in the type area, it becomes entirely black and dolomitic in the north-
eastern part of the basin. In parallel with this colour change, the faunal assemblage becomes 
more restricted and shallower north-eastwards, where layers with small benthic bivalves 
(Nanogyra sp.) alternate with pelagic fauna. These lateral variations suggest an environmental 
change from open conditions in the south-western part of the basin to restricted and shallow-
water conditions further to the north-east. The thickness varies from 200 m in the type area to 
30 m in the north-east ( Monod, 1977). Although tectonic slicing within the Akkuyu 
Formation is conspicuous at some localities, the ‘black band’ is recognized in most outcrops 
of the lower part of the formation in the south-western part of the basin. The stratigraphic 
extent of the formation is also variable; the base ranges from upper Oxfordian in the south-
western part of the basin to lower Tithonian in the north-east ( Enay et al., 1971).  

Materials and Methods 
Thirty closely spaced samples of the black horizon were collected from the basal part of the 
type section. Care was taken to avoid weathered material. Thin-section petrography was 
performed on each sample, and selected samples were studied using scanning electron 
microscopy (SEM). Calcium carbonate contents were determined using the carbonate bomb 



technique. Mineralogical assemblages were determined using X-ray diffraction (XRD), on 
both bulk rock and carbonate-free clay fractions (<2 μm). Major and trace elements were 
determined using SEM-EDS (energy dispersive spectrometry) analysis of pressed powders or 
inductively coupled plasma-atomic emission spectrometry (ICP-AES). Total organic carbon 
(TOC) content was determined using both LECO C/S 125 apparatus and Rock-Eval II ( 
Espitaliéet al., 1985a, b, 1986). Standard notations are used: S1 and S2 in mg hydrocarbons 
(HC) per g of rock; Tmax expressed in °C; total organic carbon (TOC) content in weight 
percentage; hydrogen index (HI) and oxygen index (OI) in mg HC and CO2 per g of TOC 
respectively. Sulphur contents were measured on organic matter with the LECO. Nine whole-
rock samples were extracted using chloroform–methanol (3:1 v/v), and the alkane fraction 
was analysed by gas chromatography (GC); the detailed procedure is given in Lichtfouse 
et al. (1994). Kerogens were concentrated by HF-HCl maceration from the extracted samples 
and analysed using Rock-Eval pyrolysis. Isotopic analyses of the kerogen concentrates were 
performed on a Carlo-Erba CHN analyser coupled with a VG-Sira X isotope-ratio mass 
spectrometer. Palynofacies was used in order to characterize and quantify the different 
organic constituents. Five of the kerogen concentrates, previously fixed in osmium tetroxide, 
were observed by transmission electron microscopy (TEM) on ultrathin sections (30–50 nm 
thick) using a STEM JEOL 100 CX instrument. Elemental microanalyses were obtained using 
an energy-dispersive X-ray (EDX) spectrometer fitted to the TEM. 
 
Results 
Lithofacies and source of carbonate 

Three lithofacies units are distinguished on the basis of outcrop and microfacies examination 
(Fig.  3):  

1 Poorly exposed in the type section, this basal unit (1·5 m) consists of black marlstones with 
a low density (Fig.  3A). In thin section, this marlstone appears as an orange to brown, poorly 
stratified mudstone with fish scales, ostracods and rare radiolaria (Fig.  3B). Fine quartz 
grains (20 μm) are present in low amounts (<1% visual relative abundance).  

2 The middle part is a 3·65-m-thick unit of well-bedded black packstone containing six thin 
black chert layers (Fig.  3C). Macrofossils (ammonites, Posidonia and Aulacomyella, fish 
remains and plant fragments) are abundant. Lamination is obvious, and only some paler layers 
(IC, IIIB1, IVA and IVD; Fig.  4) show a rough grading of the clasts. The rock is fractured 
and locally shows oil seeps. In thin section, the samples appear as a finely laminated 
micropackstone with abundant radiolaria, planktonic foraminifera, thin-shelled flat-valved 
bivalves and fish scales (Fig.  3D). Small faecal pellet (100 μm) accumulations are visible 
(Fig.  3E). Radiolarian tests that are not occupied by sparry calcite are commonly filled with 
oil. Except for the Posidonia and Aulacomyella, no trace of benthic life has been found in this 
unit. Apart from clay minerals and drifted plant remains, almost no evidence of land-derived 
material, such as detrital quartz, is found. SEM observations indicate that calcareous 
nanofossils are an important source of carbonate in this facies (Fig.  3F).  

3 Above the ‘black band’, limestones present the same lithofacies as the thinly bedded 
limestone from unit 2, but become pale-coloured and contain common fine carbonate 
turbiditic layers (Fig.  3G). It is noteworthy that the colour change is sharp but that the fauna 
remains the same in both facies.  



These data suggest deposition in moderately deep water, in a protected and low-energy 
environment with restricted bottom circulation, at least during ‘black band’ deposition. 

Sediment composition 
The three units show variable proportions of calcium carbonate and organic matter (Table  1, 
Fig.  4). The black marlstone lithofacies contains from 40% to 60% CaCO3 and between 22% 
and 30% of total organic carbon. The black limestone lithofacies contains between 60% and 
90% CaCO3, whereas organic carbon percentages range between 2·5% and 6%. As expected, 
the CaCO3 percentages of white limestones are higher than 98%, whereas the organic content 
is below 0·1% (Table  1). In these levels, the carbonate is almost pure: the Al, Fe and K 
contents do not exceed 0·18% (Table  2).  

Land-derived detrital elements are scarce. The Al contents are low (0·01–0·93 wt%; Table  2). 
For units 1 and 2, Al contents are of the same order of magnitude as those for average 
carbonate sedimentary rocks or pelagic carbonates (Turekian & Wedepohl, 1961) but, for unit 
3, the Al content is much lower (0·01–0·18 wt%). The black limestones contain little clay 
minerals and quartz grains but, when present, clays are represented by kaolinite and 
illite/smectite mixed-layer minerals. In the latter case, the illite layer abundance exceeds 90%. 
Relatively consistent K/Al and Fe/Al ratios confirm the homogeneity of the terrestrial input.  

As very few aluminosilicates were observed in these carbonates, it is probable that iron is 
mostly present as pyrite. Based on this assumption, the pyrite-bound part of the S content is 
calculated as follows: Spyrite = Fe/0·87 (note that this is a maximum value, as all the iron is 
taken into account). Hence, the proportion of organic-bound sulphur is calculated as: 
Sorg = Stotal − Spyrite. Thus, the organic-bound part of the S content represents 70–90% of the 
total S content.  

Source of organic matter in the ‘black band’ 
Cherty horizons excepted, the hydrogen index (HI) values of both units 1 and 2 are similar, 
with a mean value about 590 mg HC/g TOC (Fig.  4), whereas oxygen index (OI) values 
remain low (<20 mg CO2/g TOC) with an average around 10 (Table  1). Owing to the narrow 
range of the Tmax values (434–436 °C; Baudin et al., 1994; Baudin & Monod, 1996), the 
source of organic matter can be estimated on the basis of HI and OI values as a Type II (sensu 
Tissot & Welte, 1984).  

Gas chromatograms from units 1 and 2 show a bimodal distribution (Fig.  4). The first mode 
occurs at C14–C18 with a slight predominance of even-numbered n-alkanes and a maximum at 
C16, suggesting a phytoplanktonic origin. The second mode corresponds to hopanes and, in 
smaller quantity, to steranes. The hopane/n-alkane ratio is unusually high (64–67%) and 
suggests high microbial activity during early diagenesis. The similarity of GC traces of 
samples from units 1 and 2 indicates a uniform source of the organic matter in the ‘black 
band’. The chromatogram of pale-coloured facies from unit 3 contrasts sharply. The n-alkanes 
present a strong even-numbered predominance in the range of C14–C18 (Fig.  4), suggesting a 
phytoplanktonic origin of the organic matter. The relative concentration of hopanes in unit 3 
is strikingly smaller than that for units 1 and 2, suggesting either a lower input of bacteria or 
oxidative degradation.  

The palynological residues are mainly composed of amorphous organic matter (AOM), which 
represents about 90–95% of the organic fractions. A low contribution of land-derived organic 
matter is represented by rare woody debris. Two types of AOM were identified according to 



their colour and texture: orange and homogeneous flakes of AOM (Fig.  5A); and brownish 
and granular AOM (Fig.  5C). The first type of AOM seems to be mainly present in unit 1, 
while the second dominates in unit 2. TEM observations show that the orange AOM 
corresponds to massive and homogeneous gel-like material devoid of any apparent biological 
structures, even at high magnification (Fig.  5B). The brown AOM comprises a diffuse 
nanoscopically amorphous material, which is closely associated with mineral ‘ghosts’ and 
forms a continuous organic network (Fig.  5D). Such material is often associated with pyrite 
crystals (Fig.  5D), as indicated by EDX analysis, while the homogeneous AOM contains 
framboidal pyrite. In situ analysis with the EDX spectrometer fitted to the TEM showed that 
both AOM types are characterized by a high sulphur content.  

Trace elements and environmental conditions 
The three units present a clear discrepancy in the distribution of trace-element abundance 
(Table  2). To normalize the element contents, two methods are possible: Al normalization 
(element/Al ratio) or carbonate-free basis normalization [element 
abundance × 100/(100 − CaCO3)]. In the present case, low to very low Al abundances (down 
to 0·01% in unit 3) introduce a bias in the element/Al ratios, which reach artificially very high 
values, as is the case, for instance, for the samples from unit 3 that have Al contents mostly 
below 0·1% (Table  2). This calculation bias particularly affects metals that are not carried by 
the aluminosilicate fraction alone, but are also or mainly present in phosphates (P), sulphides 
(e.g. Ni, Cu, Mo) or other carrier phases (Ba). Consequently, a carbonate-free basis 
normalization (CFB) was also performed. Table  2 lists selected results, plus the values for the 
average carbonate sedimentary rocks ( Turekian & Wedepohl, 1961) for which the Al and 
CFB normalizations were calculated. In spite of the high organic carbon contents of our 
samples, the average carbonate sedimentary rock values were chosen instead of those of 
average shale, because the Al and Ca contents of the samples studied here are closer to the 
former.  

The element contents and ratios show that units 1 and 2 (‘black band’) are highly enriched in 
V, Mo, Cr, Ni, Cu and Ba, while they are strongly depleted in Mn and, to a lesser degree, P, 
relative to both average values and unit 3. Higher V, Mo and Cr abundances in units 1 and 2 
compared with unit 3 may be accounted for by strongly reducing conditions during the 
deposition and burial of units 1 and 2 (Breit & Wanty, 1991; Wanty & Goldhaber, 1992; 
Calvert & Pedersen, 1993; Crusius et al., 1996). Phosphorus is a nutrient, and barium behaves 
like one. Both elements may be regarded as productivity proxies, and an extensive literature is 
devoted to them (e.g. Schmitz, 1987; Ingall & Van Cappellen, 1990; Dymond et al., 1992; 
Gingele & Dahmke, 1994; McManus et al., 1994; Van Cappellen & Ingall, 1994). Phosphorus 
and, to a lesser degree, barium may both be released by sediments under reducing conditions ( 
Kumar et al., 1996). Consequently, as units 1 and 2 endured reducing conditions during 
deposition and/or diagenesis, part of their P and Ba must have escaped back to the water 
column. However, unit 3 did not experience reducing environmental conditions as stated 
above. Thus, its relative depletion in P and Ba must not result from synsedimentary or 
diagenetic remobilization, but may instead reflect a lower productivity of surface waters. 
Lastly, unit 2 shows the highest Sr content and Sr/Ca values, and unit 3 the lowest (Fig.  4, 
Table  2).  

 

 



Carbon isotopes 
δ13C values for organic matter are summarized in Table  1 and shown in Fig.  4; excluding 
AK129, they vary from −26·5‰ to −28·5‰, which is in the range of isotopic ratios reported 
for most of the amorphous kerogen from pre-Neogene marine sedimentary rocks (Lewan, 
1986). The black limestones from unit 2 are isotopically lighter (2‰ less) than those from 
units 1 and 3. This difference may result from variations in plankton species, atmospheric 
CO2 concentration, global seawater δ13C, selective preservation or CO2 source.  

As mentioned above, the main planktonic biomass of the Akkuyu ‘black band’ seems to be 
coccolithophorids. In spite of the lack of species determination, it remains difficult to invoke 
variation in the primary producers to explain the 2‰ shift between units 1 and 2. Changes in 
the atmospheric CO2 concentration or seawater δ13C are also unlikely at that time, mainly 
because such changes should also be recorded in the isotopic ratio of carbonate, which is not 
the case according to recently published curves ( Weissert & Mohr, 1996; Riboulleau et al., 
1998). Selective preservation of organic matter is more likely, although GC data show the 
same fingerprint, and palynofacies do not present evidence of particular structures related to 
selective preservation, such as ultralaminae (Raynaud et al., 1988).  

The most reasonable explanation for the observed differences in δ13Corg is variation in the 
δ13C value of the dissolved CO2 metabolized by phytoplankton during photosynthesis. 
Anaerobic and aerobic bacterial decomposition of organic matter in a water column or within 
the sediment may provide a source of CO2 depleted in 13C (Deuser, 1970; Lewan, 1986). The 
degradation of organic matter during the deposition of unit 1 probably led to the progressive 
diffusion of isotopically lighter organic-derived CO2 into the stagnant waters of the Akkuyu 
basin. This change is recorded during the deposition of unit 2, whereas with the onset of unit 
3, the δ13C value of CO2 returned to the atmospheric ratio. It should be noted that seawater 
temperature also controls the isotopic fractionation by phytoplankton. Some present-day 
species, living below 15 °C, may become significantly enriched in 12C ( Lewan, 1986). Such 
an explanation is not inconsistent with the previous one and is in good agreement with the 
variation in the Sr/Ca ratio in unit 2, interpreted as the result of a small decrease in sea-surface 
temperature (see below).  

Discussion 
Depositional environment 
Both petrographic and palynofacies observations indicate very low amounts of land-derived 
organic matter. The microfacies and XRD data show only a minor proportion of terrigenous 
debris (no silt-size particles, only a very poorly represented clay mineral phase, not always 
present). A relatively constant K/Al ratio (Table  2) indicates little clay mineral variation. The 
uniformity of the Fe/Al ratio in units 1 and 2, together with the steady Th/Al ratio, also 
illustrates the homogeneity of the terrestrial inputs and suggests very distant sources. The 
sediment resulted largely from the rain of autochthonous biogenic carbonate and organic 
particles (chiefly coccoliths and algal organic matter).  

Trace-element contents reflect an evolution of redox conditions from unit 1 to unit 3. The 
most reducing conditions of deposition were recorded at the water–sediment interface or 
within the upper part of the sedimentary column during the deposition of unit 1. They were 
reducing, but less so, during unit 2 deposition, and no longer reducing during the deposition 
of unit 3. This sequence of redox conditions is accompanied by a decrease in the organic 
matter content of the sediments. The evolution of redox conditions and organic matter 



accumulation are reflected in the Ni and, to a lesser extent, the Cu contents, which decline 
upwards (Table  2).  

The organic content of the ‘black band’ of the Akkuyu Formation reflects the evolution of the 
depositional environment, from restricted conditions to ventilated ones. Such a progressive 
replenishment of dissolved oxygen can be triggered by various mechanisms: 

1A decrease in surface productivity of phytoplankton would lower the downward flux of 
organic matter. Less organic decay would lead in turn to lower oxygen consumption in 
bottom waters. This would allow oxygen to be replenished.  

2 The nature of productivity may have evolved with time; during unit 1 deposition, 
productivity may have corresponded to more abundant organic-walled plankton and less 
abundant coccolithophorids (which could also explain the lower CaCO3 content of these 
beds).  

3 Other possible methods, not exclusive of those above, may reside in the evolution of 
watermass circulation affecting the basin, possibly resulting from changes in regional 
circulation, related to a platform shallowing, sea-level fluctuation or tectonic movements.  

The high Sr content of sediments from unit 2 contrasts strongly with those from units 1 and 3 
(Table  2). Many factors influence the Sr content or the Sr/Ca ratio of biogenic carbonates ( 
Morse & Mackenzie, 1990), including the type of dominant carbonate-secreting organisms 
forming the sediment (vital effects), the temperature of the sea water in which the carbonate 
particles formed, the Sr content of the sea water, plus diagenetic effects. Shifts in the Sr/Ca 
ratio of pelagic carbonates may also be caused by migration of the main ‘carbonate factories’ 
(Renard, 1986), as in the case of carbonate platform flooding.  

The main source of carbonate was coccolithophorids. Even if we cannot exclude possible 
population variations affecting the flux between units 1 to 3, the influence of vital effects 
upon the Sr content may be ruled out. It is also unlikely that diagenesis would produce the 
extreme Sr/Ca ratio of unit 2, relative to units 1 and 3. We have no petrographic (from thin-
section observation or XRD data) or geochemical evidence that indicates that the sediments of 
unit 2 evolved differently during diagenesis compared with the other two units, thereby 
doubling the Sr/Ca ratio. Strontium enrichment could have resulted from an increase in the Sr 
content of the ocean reservoir but, to our knowledge, no comparable short-term excursion has 
ever been reported. 

It is concluded that the most probable mechanism to account for the observed Sr variation 
seems to be a temporary drop in seawater temperature, which would have led to an increase in 
the Sr/Ca ratio of biogenic carbonates (Morse & Mackenzie, 1990) in unit 2. No information 
is available from the literature about the extent of the decrease in temperature necessary to 
account for the approximate doubling in the Sr/Ca ratio for sediments as old as Jurassic. 
Nevertheless, such a decrease also seems to be indicated by the δ13C value distribution.  

Such a short-term cooling could be caused by several factors: (1) the onset of upwelling 
circulation, which is dubious in such an environment; (2) shallowing, which would imply 
more circulation and less stable water stratification; (3) a modification of regional current 
patterns, which would have had the same effect. 



For the moment, more research is needed to propose a satisfactory explanation. 

Vulcanization of organic matter 
Samples that are rich in organic matter are also rich in sulphur, especially those from unit 1, 
which contain between 3·33 and 5·32 wt% of bulk sulphur (Fig.  6, Table  1). With the 
assumption that all iron is present as pyrite (see above), the proportion of the organic-bound 
fraction may be calculated as ranging between 71% and 89% for unit 1. Recent papers ( 
Boussafir et al., 1994, 1995; Permanyer et al., 1994; Gelin et al., 1995; Mongenot et al., 
1997) suggest that such an organic-S enrichment coupled with a nanoscopically amorphous 
organic matter is characteristic of vulcanized organic matter. Natural vulcanization is an early 
diagenetic process leading to sulphur enrichment of aliphatic organic matter (Sinninghe 
Damstéet al., 1989; Tegelaar et al., 1989); inter- or intramolecular incorporation of reduced 
inorganic sulphur species into low-molecular-weight functionalized lipids results in the 
formation of high-molecular-weight sedimentary organic matter. This abiogenic sulphur 
incorporation produces organic sulphur compounds that become more stable under geological 
conditions than their precursors (Sinninghe Damstéet al., 1989; de Leeuw & Sinninghe 
Damsté, 1990).  

Samples from unit 2 are also rich in organic matter, but their organic sulphur content is less 
(50–80% of total S). At the nanoscopic scale, the AOM shows a more diffuse texture (Fig.  
5D). So, it may be inferred that the AOM trapped within the sediments of unit 2 did not go 
through the vulcanization process, or that this process was less complete than in the 
underlying unit. Various causes may be put forward to account for this: natural vulcanization 
may have been hampered either because of environmental factors or because the nature of the 
organic matter was unsuitable; the deposition of the carbonate layers of unit 3 was not 
accompanied by any noticeable storage of marine organic matter and, consequently, there was 
no question of vulcanization.  

The iron content is very low in all three units, decreasing from unit 1 to unit 3 in which it is 
almost absent (<0·1%). Consequently, iron (a major trap for H2S/HS_) cannot be invoked to 
account for the observed variations in vulcanization intensity. Moreover, no differences in the 
biological nature of the primary production have been detected. As a consequence, the 
reason(s) why organic matter was or was not completely vulcanized could relate to variations 
in the accumulation rate of organic matter, which is related to possible shifts in the bulk 
sedimentation rate or redox conditions affecting the entire water column, or at least its lowest 
part. Perhaps the organic matter was already too degraded to be completely vulcanized within 
the sediments when it reached the floor during unit 2 and 3 deposition; alternatively, the water 
column could have experienced euxinic conditions during unit 1 deposition. This would have 
permitted the vulcanization processes to begin before particle settling, and it would therefore 
have occurred above the water–sediment interface. Hence, vulcanization could have operated 
extensively during the deposition of unit 1, while the water column was stratified. Thus, the 
environmental conditions could have evolved from the reducing environment of unit 1 to the 
fully oxygenated environment of unit 3 (totally unfavourable to organic matter storage), via 
intermediate conditions during the deposition of unit 2. Unit 2 was still favourable to organic 
matter storage, but less favourable to complete vulcanization because the process was 
occurring only below the water–sediment interface. One further explanation may be 
suggested: the reason for strong vulcanization in unit 1 may partly be slower deposition, and 
thus longer residence time in the surficial sediment in which sulphide concentrations were 
probably greatest (highest sulphate reduction rates), as well as lower dilution of organic 
matter.  



Conclusions 
Our data permit the reconstruction of the environmental changes during the deposition of an 
organic-rich ‘black band’ in the Upper Jurassic of the western Taurus: 

1The depositional setting was a moderately deep protected environment on a carbonate 
platform. The organic matter was particularly well preserved in anoxic, perhaps even euxinic, 
bottom conditions during the deposition of unit 1. Sulphate reduction, coupled with the low 
availability of iron, led to intense vulcanization of the organic matter. The result is an 
exceptionally organic-rich level (25–35% TOC) characterized by gelatinous amorphous 
organic matter, rich in organic-S and hopanes.  

2With the onset of unit 2, conditions were less reducing, perhaps because of a change in the 
primary production or a climatic (cooling) effect. The organic matter was still vulcanized but 
stored in lower quantities (2–6% TOC).  

3Finally, the depositional environment returned to normal oxygenated conditions, and pale-
coloured organic-poor limestones were deposited in unit 3. The reason for this abrupt change 
is not fully understood, and further studies are needed to reconstruct the entire basin in order 
to constrain the palaeogeographic changes that occurred during and after the deposition of the 
‘black band’.  
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Figures 
 

 
 
Fig. 1. Simplified geological map of the central part of the western Taurus and location of the 
studied section. 
 



 
 
Fig. 2. Three-dimensional restoration of the present geometry of the Akkuyu Basin showing 
the spatial distribution of facies for the Upper Jurassic to Upper Cretaceous. 
 



 
 
Fig. 3. Field photographs and photomicrographs of thin sections from the different units of 
the ‘black band’ of the Akkuyu Formation. (A) Close-up view of the black marlstone of unit 1 
(hammer is 30 cm long). (B) Thin section of sample AK76 (unit 1). (C) Succession of black 
limestone of unit 2. (D) Thin section of sample IC (unit 2). (E) Thin section of sample IE 



showing the packstone texture of the sediment. (F) Coccosphere within black limestone of 
unit 2. (G) Thin section of sample AK 123 (unit 3 ). 
 

 
 
Fig. 4. Schematic section, bulk mineralogy, selected organic and inorganic geochemical 
parameters of the ‘black band’ of the Akkuyu Formation. Pr, pristane; Ph, phytane; numbers 
refer to n-alkane carbon number. 
 



 
 
Fig. 5. Photomicrographs of palynofacies and ultrastructure (TEM) of the amorphous organic 
matter from the Akkuyu Formation. (A and B) Sample AK74. (C and D) Sample IIC. cf, 
carbon film; o.m., organic matrix; o.g., osmium granule caused by Os tetroxide fixation; p. c., 
pyrite crystals. Note that EDX analyses of these two types of AOM indicate the occurrence of 
C and S. 
 

 
 
Fig. 6. TOC vs. total S cross-plot showing the strong relationship (r = 0·993) between organic 
carbon and total sulphur contents. 



 



Tables  
 

 



Table 1. Carbonate, total sulphur (S) and total organic carbon (TOC) contents of the ‘black band’ (units 1 and 2) and overlying pale-coloured 
limestones (unit 3) of the Akkuyu Formation, plus Rock-Eval data on whole-rock and δ13C values of selected kerogen concentrates. 
 

 
Table 2. Major and trace elements of the ‘black band’ (units 1 and 2) and overlying pale-coloured limestones (unit 3) of the Akkuyu Formation. 


