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Abstract 

Petrographic, mineralogical and geochemical studies of the carbonate 

sequences in the Plio-Pleistocene Black Sea sedimentary section and in the 

Ala Wai canal reveal the strong influence of climate and hydrological 

conditions in modulating the precipitation and preservation of primary non

biogenic carbonate facies in restricted basins. The calcium carbonate-rich 

chalk units in the Black Sea are characterized by several rhythmically 

deposited, cm-to dm-thick marl-chalk couplets marked by varying amounts of 

carbonate and organic carbon. The presence of bioturbation structures, 

systematic differences in the thickness of the marl and chalk beds, and 

covariant increases in carbonate and organic carbon contents and the o13C 

values of the carbonate fraction from the basal marls to the overlying chalks, 

indicate that the rhythmic recurrence of these carbonate facies is reflective of 

periodic fluctuations in productivity and terrigenous flux into the basin. Pollen 

records in the sediments and oxygen isotope signatures reveal the strong 

influence of climate in modulating biological productivity and terrigenous input. 

The chalk half-couplets in the Upper Chalk unit were deposited under 

relatively cold and arid climatic conditions, in contrast to warm and wet climatic 

conditions during the times of marl deposition. Similar alternating wet and dry 

spells also characterize the cyclic recurrence of marl and chalk in the Lower 

Chalk unit. However, the aridity at the time of deposition of the chalks in the 

latter unit was sustained by an overall warmth, as opposed to relatively colder 

climatic conditions during the Upper Chalk times. 
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In contrast to the Chalk sequences, the sideritic sediments of the Black 

Sea were deposited during relatively warm and more humid climatic 

conditions. A thermodynamic model developed to explain the origin of 

siderites in the Black Sea sequences also stresses the dominant role of 

climate in controlling iron carbonate deposition in the basin. Geochemical and 

mineralogical investigations of the carbonate sequences of Ala Wai canal also 

reveal similar climatically-modulated short-term pulses in productivity and 

consequent variations in primary carbonate deposition. Temporal variations in 

productivity as reflected in the geochemical signature indicate that the canal 

had always remained highly productive. 
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CHAPTER 1 

INTRODUCTION 

Rhythmlclty in carbonate sequences 

Cyclic carbonate sequences marked by variations in the amount of 

carbonate and organic carbon that is manifested as interbedded lighter and 

darker shale, marls and (or) limestone, have been reported from practically 

every environmental and stratigraphic system (Einsele and Seilacher, 1982; 

Einsele et al., 1991 ). By virtue of the simple fact that cyclicity in the 

sedimentary record invokes a recurrence of events and/or processes, an 

understanding of the mechanisms involved in the formation of such repetitive 

sequences can provide vital information on related rhythmic changes in the 

behavior of the coupled atmospheric-hydrospheric system. Several 

environment-dependent parameters can generate, either by themselves, or 

acting in tandem, a rhythmic or cyclic sediment sequence. These processes 

include variations in biological productivity, periodic dissolution of carbonates, 

changes in detrital flux and composition, water chemistry, bottom-water energy 

and oxygenation, and syn-to early diagenetic effects in the sediments (Hallam, 

1964; Muller and Suess, 1979; Demaison and Moore, 1980; Dean et al., 1981; 

Honjo et al., 1982; Parker et al., 1983; Arthur et al., 1984; Dean and Gardner, 

1986; Fischer, 1986; Raiswell, 1988; Diester-Haass and Schnitker, 1989; 

Pedersen and Calvert, 1990; Jasper and Gagosian, 1990; Arthur and Dean, . 

1991; Glenn and Kelts, 1991; Stein, 1991 ). Furthermore, diagenetic 

overprinting can substantially modify and often augment a primary bedding 
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rhythm, thereby complicating the understanding of the original cause of 

cyclicity (Ricken, 1986; Bathurst, 1987, 1991; Ricken and Eder, 1991 ). 

This dissertation is directed at elucidating the processes which promote 

primary carbonate precipitation in restricted basins, and the environmental 

factors which control their preservation in a cyclic or rhythmic pattern. 

The main thrust of this study is on a sequence of dominantly freshwater, non

biogenic carbonates of Plio-Pleistocene age (ca. 4.0-0.8 Ma), recovered from 

the Black Sea during Leg 42B of the Deep Sea Drilling Project. A remarkable 

hierarchy of cyclicity, ranging from four, over 100 m thick alternating units 

marked by the presence or absence of iron carbonates (siderite), to mm-thick 

alternations of calcium carbonate (calcite) and clay-rich sediments 

characterizes the suite of sediments obtained from the basin. Because of this 

large variation in cyclicity, a two-fold approach has been followed to decipher 

the paleoenvironmental signatures as reflected in the sedimentological and 

geochemical characteristics of the sediments. The primary cyclicity 

characterized by the rhythmic recurrence of siderite-rich sequences is 

examined by considering the climatic, geochemical and thermodynamic 

constraints on siderite deposition in the basin. Fine-scale, mm-to cm-thick, 

rhythmic alternations marked by systematic variations in calcium carbonate 

and organic matter contents are most conspicuous in the two calcium 

carbonate-rich ("chalk") units, which alternate with the sideritic sequences. 

The primary cause(s) of these smaller-scale cyclic occurrences are studied in 

the context of the relative importance of the various environmentally-
-

dependent processes discussed above. Each of these approaches constitutes 

a separate chapter in this dissertation. 
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Subtle variations in texture, mineralogy, and inorganic and organic 

geochemical parameters across the laminae and beds characterize the 

smaller-scale cycles in the Black Sea. In Chapter 2, these variations are 

examined in the context of various environment-dependent processes which 

could have left their mark on the cyclic occurrence of these beds. The short

and long-term perturbations in paleoclimate, and changes in the depositional 

environment as reflected in the geochemical signatures of the rhythmicities, 

are also examined. Finally, utilizing the geochemical data, available 

information on pollen and diatom assemblages in the sediments, the 

paleoclimatic records of the Black Sea hinterland, and records of quasi

periodic glacial-interstadial climatic cycles in the ice cores and sediments of 

the last glaciation, the potential forcing functions on climate during the times of 

deposition of the cycles are established. 

In Chapter 3, the occurrence of sideritic sediments in the Black Sea is 

discussed. Using the principles of classical thermodynamics, the available 

records of paleoclimatic conditions in the Black Sea hinterland, and the 

geochemical characteristics of the sediments, a model for the origin of 

siderites in the basin, by a process of evaporitic concentration of the Black 
. . 

Sea waters, has been developed. The implications of this model for the 

evolutionary history of the Black Sea are also examined. 

Closely allied to the study of variations in primary carbonate contents in 

the Black Sea record and their environmental dependency has been the 

author's involvement in the geochemical investigations carried out on 

sediment cores collected from the Ala Wai canal, an artificial tropical estuary in 

Honolulu. These sediments contain moderately high concentrations of organic 
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carbon and calcium carbonate. The primary objective of this study was to 

examine, using a combination of isotopic and inorganic geochemical 

investigations, the observed temporal variations in carbonate and organic 

carbon in the canal in terms of environmentally-related processes, and 

historical records of eutrophication of the basin. In particular, this study 

focuses on the possibility of biologically induced abiotic carbonate precipitation 

from highly eutrophic marine waters, a process which is currently of much 

academic debate. The results of the study form a separate chapter (Chapter 

4). 

Lacustrlne carbonates and the Neogene Black Sea sedimentary archive 

Ever since the classic work of Bradley (1929) on the Eocene Green 

River Formation, lake basin sediments have attracted increased attention as 

an ideal archive of environmental, geochemical and biochemical perturbations 

(e.g. Kelts and HsO, 1978; MOiier and Wagner, 1978; Stiller and Hutchinson, 

1980; Dean 1981; Eugster and Kelts, 1983; McKenzie, 1985; Botz et al., 1988; 

Hollander, 1989; Janaway and Parnell, 1989; Kelts and Talbot, 1990; Glenn 

and Kelts, 1991; Talbot and Johannessen, 1992; Anadon and Utrilla, 1993; 

Leyden et al., 1993). However, as pointed out by Glenn and Kelts (1991 ), in 

contrast to the marine record, only a few lacustrine sequences have been 

rigorously analyzed in terms of their rhythmic signals. This is surprising 

considering that lakes, on account of their smaller reservoir size, respond 

faster to environmental changes than ocean basins. As a result, geochemical 

signals caused by environmental perturbations are amplified (McKenzie, 
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1985). Furthermore, relative to the oceans, most lakes are characterized by a 

simpler stratified circulation system, higher sedimentation/accumulation rates 

and annual productivity cycles (Hollander, 1989). 

An important aspect of carbon cycling associated with annual/seasonal 

productivity cycles in lakes is the precipitation of calcium carbonate as calcite. 

Abiotic precipitation of calcite occurs when the combined effects of elevated 

temperatures and photosynthetic consumption of C02 result in a 

disequilibrium in the bicarbonate-carbonate system causing CaC03 

supersaturation (Kelts and Hsu, 1978; McKenzie, 1985). The rhythmic signals 

from such annual/seasonal cycle, as reflected in the carbonate contents of the 

sediments, should provide a unique signature of past variations in primary 

productivity and surface water temperature. In addition, because the 

chemistry and mineralogy of the carbonate precipitating under these 

conditions is primarily dependent on the Mg/Ca ratio of surface waters, such 

carbonate phases also provide key information about the basin's salinity and 

surface water chemistry (e.g. MOiier et al., 1972; Stiller and Hutchinson, 1980; 

Talbot and Kelts, 1986; Botz et al., 1988). 

A composite system of environmentally-modulated factors controls lake 

sedimentation (Fig. 1.1 ). Short- and long-term perturbations in the interplay of 

these forcing functions, both external and internal, should be reflected in the 

amount and nature of sediments reaching a lake bottom. Such perturbations, 

if oscillatory in nature and extent, would yield a rhythmically occurring suite of 

. sediments. Authigenic biotic/abiotic processes can further either enhance or 

diminish the primary signals preserved in the sediments. A systematic 
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Figure 1.1. Summary of the main controls on lacustrine sedimentation (Glenn and Kelts, 1991); lake 
sediments provide one way to trace a high-resolution history of biotic/abiotic interactions, and these 

interactions are themselves dependent on changing climatic and hydrological factors. 



evaluation of the causative factors of rhythmicity can therefore provide a 

chronology of rhythmic environmental and climatic change. 

From the foregoing, it would appear that an ideal locale for an 

· assessment of rhythmicity in the sedimentary record in terms of environmental 

change, is a restricted or semi-enclosed basin of large aerial extent and depth, 

marked by a stratified circulation system, and preserving a record of varying 

carbonate and organic matter accumulation. In this respect, the uniqueness of 

the Plio-Pleistocene Black Sea sedimentary archive stems from a combination 

of many factors related to its evolutionary history, including its proximity to a 

large freshwater body (the Caspian Sea), on the one hand, and a restricted 

marine environment (the Mediterranean Sea), on the other. The 

environmental fluctuations in the Black Sea basin, and the nature of the 

sedimentary archive which could reflect these perturbations, are briefly 

examined below. 

The evolutionary history of the Caspian-Black Sea-Mediterranean 

system is by and large linked to the Mesozoic-Cenozoic paleoenvironmental 

and paleoclimatic history of Europe. However, while the variations in the 

Caspian Sea level through time has been controlled primarily by precipitation, 

and not by glacial-interglacial episodes, the post-Messinian history of the 

Mediterranean has been marked by variations in the response of the water 

body to both global and regional climate change, periods of stagnation, 

variations in freshwater input, changes in circulation patterns, bottom-water 

salinity excursions, and the nature of water exchange with the Atlantic 

(Olausson, 1961; Cita et al., 1977; Thunell, 1979; Rossignol-Strick et al., 1982; 

Zubakov and Borzenkova, 1990; Thunell et al., 1991; van Os et al., 1994). In 
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contrast, the Plio-Pleistocene evolutionary history of the Black Sea represents 

a largely lacustrine phase with fresh-to brackish water conditions, and 

occasional marine spills from the Mediterranean through the shallow Bosporus 

Straits (Hsu and Kelts, 1978; Schrader, 1978, 1979). 

Global climatic fluctuations with corresponding sea level changes and 

variations in the hydrographic budget of the Black Sea are reflected in a suite 

of sediments ranging from late Miocene black shales to pelagic carbonate 

precipitates and terrigenous sediments. Chemically-precipitated carbonate 

sediments in the form of low-Mg calcite ooze {"lacustrine chalk"), sideritic {iron

carbonate) mud, sapropels, and intercalated marl/clay dominate the lacustrine 

phase of this basin's evolution. The chalk facies is characterized by a 

hierarchy of cyclicity ranging from thin (annual/seasonal) couplets of either 

chalk-organic carbon (Corg)-rich clays or diatomaceous marl-carbonate-free 

clays, to cyclically recurring 4 - 20 cm thick structureless marl-chalk bedding 

cycles. These rhythmicities, in turn, are part of a larger -scale cyclic pattern 

marked by alternating siderite-rich and calcite-rich lithounits (Fig. 1.2). 

Lacustrine facies in the Pllo-Pleistocene Black Sea 

In May-June 1975, the Deep Sea Drilling Project Leg 42B drilled at 

three sites within the Black Sea; sites 379 and 380 were located near the 

Bosporus on the main apron of the basin. Two holes were drilled at site 380 

(380 and 380A; 42°05.94' N: 29°36.82' E; water depth 2107 m; Fig. 1.3), which 

together constitute a continuously cored section to 1073.5 m below ·the sea 

bed. Fissile black shales with associated zeolitic sandstones, and occasional 
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finely laminated dolomites characterize the basal 100 m of this core. These 

sediments were deposited in a brackish-marine environment, as indicated by 

diagnostic benthic foraminiferal assemblages (Gheorghian, 1978). In contrast, 

the uppermost 300 m of the core are dominantly terrigenous in nature, with the 

modern phase of sedimentation being represented by finely laminated 

coccolith marl (Degens and Ross, 1974). A suite of chemical sediments 

consisting of dolomite muds, low-magnesian calcite, aragonite, millimeter to 

decimeter thick couplets of marl-chalk, and sideritic mud intervenes between 

the black shales at the bottom and the terrigenous sequence towards the top. 

Indigenous calcareous nannofossils are rare in these carbonate sequences, 

and are restricted to thin layers towards the basal part (Staffers and MOiier, 

1978). 

The carbonate section at site 380 has been divided into seven major 

units, on the basis of differences in mineralogy (Ross, 1978; HsO, 1978a, b; 

Fig. 1.2). The late Miocene gravel unit and the laminated carbonate unit 

characterized by the presence of pebbly mudstones, dolomite-rich layers, 

stromatolitic dolomite, dolomite-rich layers, and mixed lami.nated carbonate 

sediments indicate a period of basin desiccation marked by subaerial 

exposure and supra-tidal-evaporitic conditions (Hsu, 1978a; Ross, 

Neprochnov et al., 1978; Staffers and MOiier, 1978). Carbonate mineralogy 

and fossil evidence indicate that the overlying carbonate sediments were by 

and large deposited in a fresh-to brackish water lacustrine environment with 

little or no marine influence (Hsu, 1978b; Schrader, 1978; 1979). 
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Climatostratigraphy of the Plio-Pleistocene Black Sea 

The probable climatic fluctuations in the Black Sea have been 

interpreted by means of a steppe-forest index, which is the percentage of 

steppe pollen in a total pollen assemblage (Traverse, 1978). Based on this 

index, it has been suggested that deposition of chemical sediments began in a 

fresh water basin, when the regional climate was warm and temperate, 

continued through a late Pliocene cooling trend and early Pleistocene glacial 

conditions, and terminated during an interglacial episode (Hsu, 1978b). 

Correlation of lithology with paleoclimate suggests that the chalk units were 

deposited during relatively cold and dry conditions, and the intervening 

sideritic mud units during warm and wet preglacial or interglacial periods (HsO 

and Kelts, 1978). 

Paucity of chronostratigraphically diagnostic floral and faunal elements 

in the sediment cores has seriously hampered a proper stratigraphic 

evaluation of the Black Sea sediment sequences (see Schrader, 1978, 1979; 

Staffers and MOiier, 1978 and HsO, 1978a and b, for three differing view 

points). Hsu and Giovanoli (1979) have indicated the apparent 

inconsistencies in the interpretations of other workers, and have provided a 

fairly well-constrained account of Black Sea stratigraphy and sedimentation 

history. Correlation of the chronostratigraphy for the sedimentary section at 

Site 380 constructed by Hsu and Giovanoli (1979) with their probable 

. continental equivalents in the Black Sea region (Kerch-Taman, Azov, Danube 

and Ukraine areas), as described by Zubakov (1988) and Zubakov and 

Borzenkova (1990), provides some important constraints on the climatic and 
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hydrologic development of the Black Sea basin during the Plio-Pleistocene 

times. Some of the climatostratigraphic observations of relevance to the 

present study are summarized below. 

Based on the palynological and paleontological interpretations of the 

Black Sea cores by Jouse and Mukhina (1978), Schrader (1978) and Traverse 

(1978), Hsu and Giovanoli (1979) have identified four major paleomagnetic 

datum horizons at about 865 m (in the Aragonite unit), 780 m (in the Lower 

Chalk unit), 640 m (near the lower contact of the Upper Chalk unit) and 330 m 

(upper contact of Upper Siderite unit). These datum horizons correspond 

respectively to the Gilbert Epoch 5 at about 5.0 Ma, Gauss-Gilbert transition at 

3.4 Ma, Matuyama-Gauss boundary at 2.48 Ma, and Brunhes-Matuyama 

boundary at 0.7 Ma (Hsu and Giovanoli, 1979; Thunell et al., 1991; Spell and 

McDougall, 1992; Fig. 1.2). In the Black Sea continental section, these 

paleomagnetic epochs occur respectively, in the Kimmerian (5.0 Ma to 3.1 

Ma), in the Kuyalnikian (ca. 3.1 Ma to 1.8 Ma) and in the Chauda (ca. 1.1 Ma 

to 0.6 Ma) regional stages (Zubakov and Borzenkova, 1990; Shatilova et al., 

1991; Fig. 1.2). Paleoclimatic studies of the continental sections indicate that 

these periods were in general, characterized by quasi-rhythmic climatic 

fluctuations marked by alternating spells of cool/dry and warm/wet conditions 

(Shatilova et al., 1991; Syabryaj and Svetlitskaya, 1991 ). Thus, the warmest 

temperatures of the Neogene in the Black Sea region occurred during the 

early part of the Kimmerian (Shatilova et al., 1991 ). Paleoclimatic 

reconstructions indicate that through most of the early and middle Pliocene the 

eastern margin of the Black Sea supported warm-temperate flora (Traverse, 

1982; Mamedov, 1991; Shatilova et al., 1991 ). Around 3.0 Ma, the climate 
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became more variable and through the remainder of Pliocene forest 

composition fluctuated rapidly (Dowsett et al., 1994). The Lower Chalk unit 

broadly corresponds to this period of climatic instability in the Black Sea 

hinterland (Fig. 1.2). A trend towards cooler temperatures and a more 

continental climate developed by the end of the Kimmerian times (Syabryal 

and Svetlitskaya, 1991 ). This trend intensified in the late Pliocene and forest

steppe vegetation became dominant in the Black Sea region. 

The early part of the overlying Kuyalnikian stage, which corresponds to 

the times of deposition of the Lower Siderite unit in the Black Sea basin was 

characterized by a warm, humid climate, as reflected in the meadow/brown 

forest soils and forest pollen record of the pedological sections found in the 

Ukraine (Zubakov and Borzenkova, 1990). In the Crimean valley, the 

dominant soils during this period were reddish brown in color, typical of 

subtropical forest areas (Sirenko and Turlo, 1986). Annual summer 

temperatures were of the order of 23° to 2s·c, and precipitation rates were low 

(Sirenko and Turlo, 1986). On the eastern margin of the Black Sea, 

palynological data from Georgia indicate two warm and two cold phases 

during the Kuyalnikian. The warm periods centered around approximately 2.8 

and 1.8 Ma were marked by a proliferation of polydominant conifers, 

hardwoods, ferns, and subtropical plants (Shatilova et al., 1991 ). 

The lower part of the Gurian regional stage, which corresponds to the 

period of deposition of the Upper Chalk unit, was a time of less climatic 

variability, although during this period, the structure of vegetation underwent 

drastic changes (Shatilova et al., 1990). In contrast, however, the upper part 

of this stage represents a warming phase in the Black Sea region, as reflected 
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in the prevalence of iron oxide-rich buried paleosols in the continental sections 

of the period (Zubakov and Borzenkova, 1990). Pollen records also indicate 

the widespread existence of forests with pines and conifers. Mean winter air 

temperatures never dropped below ooc, and precipitation was low (Zubakov 

and Borzenkova, 1990). The Gurian-Chauda transition was marked by the 

flux of Caspian waters into the Black Sea and a consequent freshening of the 

basin. The Chauda climate in the Black Sea region was much warmer and 

wetter than at present, with a dominance of beech-coniferous forests and 

tropical ferns (Zubakov and Borzenkova, 1990). Lateritic soils characterize the 

latter part of the Chauda. Minor marine spills of Mediterranean waters into a 

fresh water Black Sea have also been discerned in the sediment record during 

the Chauda Stage. These phases of marine incursions also reflect relatively 

warm climatic conditions in the Black Sea basin (Zubakov and Borzenkova, 

1990). 

Summary of research objectives 

The basic objectives of this research are as follows: 

1. To elucidate, using a combination of petrographic, mineralogic and 

geochemical methods, the processes which promoted primary calcium 

carbonate precipitation in the Plio-Pleistocene Black Sea, and the 

environmental factors which controlled their preservation in a cyclic 

pattern. The subtle variations in cyclicity will also be examined in terms 

of simple mathematical models to understand the extent to which 
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paleoenvironmental conditions have influenced the nature and 

thickness of the carbonate couplets. 

2. To investigate, using the principles of classical thermodynamics, the 

feasibility of primary iron carbonate (siderite) precipitation in a fresh 

water environment by a process of sequential evaporative 

concentration of acidic, dissolved organic-carbon and iron-rich waters in 

a basin with a net hydrographic deficit. More than developing a 

thermodynamically-sound model, this work also seeks to integrate the 

theoretical possibilities with the geochemical signatures as reflected in 

the siderite-rich sediments of the Plio-Pleistocene Black Sea and the 

available climatic information, to examine the role of climate in 

episodically transforming the calcite-precipitating water masses of the 

Black Sea basin to one of siderite precipitation. 

3. To examine the temporal variations in geochemistry and mineralogy of 

the carbonate sediments cored from the Ala Wai canal in terms of 

historical changes in biological productivity, bottom water oxygenation, 

and fluctuations in the hydrological balance of the canal. 
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CHAPTER 2 

ENVIRONMENTAL CONTROLS ON THE FORMATION OF MARL-CHALK 

CYCLIC SEQUENCES IN THE PLIO-PLEISTOCENE BLACK SEA 

Abstract 

During Leg 428 of the Deep Sea Drilling Project in the Black Sea, two 

thick (ca. 200 m and 130 m, respectively) relatively calcium carbonate-rich 

Plio-Pleistocene sequences were retrieved at Site 380 near the Bosporus 

Straits. These "Chalk" units are characterized by hundreds of rhythmically 

deposited, cm-to dm-thick basal marl-upper chalk couplets marked by varying 

amounts of carbonate and organic matter contents. Whereas the couplets in 

the thicker, Upper Chalk unit are largely structureless, in the Lower Chalk 

cycles, the chalk half-couplets occur as 1) finely varved, mm-thick alternations 

of carbonate-rich and clay-rich laminae, 2) moderately bioturbated, alternating 

calcite-rich and clay-rich laminae, characterized by irregular or contorted 

banding exhibiting a lenticular pattern, or 3) intensely bioturbated, 

homogeneous, structureless chalk beds. A zone of burrows often 

characterizes the contact between marl and chalk half-couplets in both the 

Lower and Upper Chalks. 

Mineralogical studies show that the carbonates in marls and chalks in 

both the Chalk units are invariably low-magnesian calcites. Organic carbon

sulfur relationships exhibited by these rhythmically-occurring marl-chalk 

couplets demonstrate the sulfate-limited, fresh-to-brackish water nature of the 

Black Sea basin during the times of deposition of these lithologies. 
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Petrographic observations and geochemical considerations indicate that these 

cycles do not represent deposition under different stages of diagenetic 

alteration. Covariant increases in carbonate and organic carbon contents and 

. o13C values of the carbonate fraction, from the basal marl to the overlying 

chalk in all these couplets, indicate that the carbonate phases in these cycles 

are a direct result of biogenically-induced inorganic precipitation from the 

water column. 

Bedding thickness considerations, C/N ratios, and the carbon isotopic 

signatures of carbonate and bulk organic carbon fractions demonstrate that 

the rhythmicity recorded by the marl-chalk cycles is reflective of periodic 

fluctuations in primary productivity and terrigenous flux into the basin. 

Published pollen and diatom records preserved in the sediments, together with 

systematic variations in oxygen isotope composition across the couplets 

demonstrated here, indicate a strong influence of climate in promoting the 

deposition of these rhythmicities. The structurel~ss chalk half-couplets in the 

Upper Chalk unit appear to have been deposited under relatively cold arid 

climatic conditions, as opposed to warm and wet climates characteristic of the 

times of deposition of underlying marl half-couplets; the more arid climate was 

responsible for the relatively smaller terrigenous flux during the deposition of 

the chalk beds. Although the rhythmicity recorded by the marl-chalk cycles in 

the Lower Chalk unit is also reflective of similar alternating "dry" and ''wet" 

periods, there appears to be a prominent difference in climate during the times 

of deposition of the two Chalk units. The aridity at the time of deposition of 

chalk beds in the Upper Chalk cycles was a consequence of overall climatic 

cooling. In contrast, the dry spells which prevailed during the times of 
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deposition of chalks in the Lower Chalk cycles were sustained during a warm, 

interglacial or preglacial epoch. The carbonate-rich chalk beds in the Lower 

Chalks represent deposition under relatively warm and dry conditions, when 

the combined effects of higher temperatures and productivity could have led to 

a relative increase in precipitation of abiotic carbonates. However, warm and 

wet periods, marked by increased precipitation and runoff, must have 

characterized the times of deposition of marls in the Lower Chalk unit. The 

laminated and lensoidal chalks also indicate periodic stratification of the water 

mass and resultant lack of oxygen replenishment, leading to the development 

of dysaerobic to anoxic bottom waters. 

Comparison of the number of cm-thick cycles in the Lower Chalk unit 

with details of pollen data and paleomagnetic stratigraphy developed for the 

sediments by HsO and Giovanoli (1979) indicates that the climatic oscillations 

corresponding to the deposition of each chalk or marl half-couplet have an 

average frequency of ca. 2100 years. It is hypothesized that these climatic 

perturbations are probably related to short-term quasi-periodic climate change 

episodes analogous to the rapid interstadial cy~les of the last glaciation. 

Introduction 

The larg·ely lacustrine phase of sedimentation in the Plio-Pleistocene 

Black Sea is dominated by a non-biogenic carbonate sequence, which is over 

600 m thick at the DSDP Site 380 near the Bosporus Straits (Ross, 

Neprochnov, et al. 1978). Several rhythmically deposited marl-chalk couplets 

marked by variations in calcium carbonate and organic matter contents are 
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characteristic of this carbonate sequence. Similar rhythmicities in the marine 

and lacustrine sedimentary record have been explained by invoking processes 

such as variations in biological productivity, changes in detrital flux and 

composition, water chemistry, and syn-to early diagenetic effects in the 

sediments (e.g., Hallam, 1964; MOiier and Suess, 1979; Dean et al., 1981; 

Honjo, 1982; Arthur et al., 1984; Dean and Gardner, 1986; Fischer, 1986; 

Raiswell, 1988; Pedersen and Calvert, 1990; Jasper and Gagosian, 1990; 

Arthur and Dean, 1991; Glenn and Kelts, 1991; Stein, 1991 ). Because of the 

strong environmental dependence of these processes, an assessment of their 

role in promoting the development of rhythmic sequences can provide vital 

information on the paleoenvironmental conditions during sedimentation. 

In this chapter, the significance of each of the above-mentioned factors 

in promoting the development and preservation of rhythmic marl-chalk 

couplets in the Black Sea is evaluated by means of petrographic, mineralogic 

and geochemical studies. Simple mathematical models (c.f. Einsele and 

Ricken, 1991) are used to illustrate the variable nature of such rhythmicities as 

a function of the primary process responsible for their development. It will be 

demonstrated that the rhythmic recurrence of marl-chalk couplets in the Black 

Sea sedimentary record is reflective of systematic variations in primary 

productivity and fluctuations in terrigenous flux into the basin. Utilizing the 

geochemical data generated during this study, available information on pollen 

and diatom assemblages in the sediments and the paleoclimatic records of the 

Black Sea hinterland, the role of climate in promoting the rhythmic 

development of carbonate lithologies in the basin will be established. This 

chapter concludes with the hypothesis that the rhythmicities recorded by the 
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Black sea marl-chalk cycles are not directly related to Milankovitch 

frequencies, but possibly may be related to more rapid shifts in climate, 

analogous to the short-term climate change episodes recorded in the ice cores 

and sediments corresponding to the last glaciation. 

Materials and Methods 

During Leg 42B of the Deep Sea Drilling Project, two holes were drilled 

at Site 380 (380 and 380A) near the Bosporus Straits at a water depth of 2107 

m, which together constitute a nearly continuously cored section to 1073.5 m 

below the sea bed. Based on the shipboard and shore-based studies of the 

DSDP, two prominent, calcium carbonate-rich lithological units were 

delineated between the depths of 446.5-644.5 m ("Upper Chalk Unit") and 

718-850.3 m ("Lower Chalk Unit"), separated by nearly 74 m of siderite-rich 

diatomaceous sediments ("Lower Siderite Unit"; Fig. 2.1 ). The rhythmically 

occurring marl-chalk couplets in the Upper and Lower Chalk units form the 

basis of this study. 

Sampling and core descriptions 

Because a fine-scale sample resolution was required for the present 

work, a detailed lithological description and logging of the two chalk units were 

carried out at the Lamont-Doherty Geological Observatory (LOGO) Core 

Repository (Appendix A). Over 225 samples from 43 marl-chalk bedding 

cycles and thin laminae of organic carbon-rich clays were collected from the 

Upper and Lower Chalk units. On account of the large-scale 
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penecontemporaneous slumping observed in the lower 160 m of the Lower 

Chalk sequences, sampling in this unit was restricted to only those sections of 

the core marked by horizontally layered carbonate lithologies. Samples 

collected for geochemical studies were oven-dried at 5o·c. thoroughly ground 

in an agate mortar, and stored at room temperature. 

It should be mentioned here that the terms chalk, marl and calcareous 

mud, used throughout this study, refer to the relative variations in carbonate 

content ~etween adjacent beds, and do not represent similar terms described 

by the JOIDES Panel on Sedimentary Petrology and Physical Properties, or 

similar lithologies as defined by Pettijohn (1975). The primary reason for this 

is the wide variation in carbonate content between the marls and chalks in the 

two Chalk units. In the Lower Chalk cycles, it is possible to distinguish 

between chalks sensuo stricto (''firm" sediments with over 60% CaC03 

content), marls (CaC03 content between 60% and 30%), and calcareous 

muds (with 30 to 15% CaC03). However, in the rhythmic couplets of the 

Upper Chalk unit, the carbonate content in the lighter colored lithology 

("chalk") varies between 45 to over 60 percent, while in the darker colored bed 

("marl") the carbonate content is generally around 30 to 40%. Therefore, for 

uniformity in description, and for comparative purposes, the lighter-colored 

lithology in a rhythmic couplet is designated as chalk (relatively carbonate

rich), while the immediately underlying darker sediment is termed marl (if the 

carbonate content is at least greater than 30%), or carbonate mud (carbonate

poor sediment). 
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Textural and mineralogical analyses 

Smear slides of samples collected, supplemented by thin sections of all 

representative lithological variations, were studied by conventional microscopy 

. (polarized and reflected light). Selected samples of chalk and marl were also 

carbon/gold coated and studied using a Zeiss DSM 962 scanning electron 

microscope (SEM), equipped with an EDS detector. 

In order to determine the bulk mineralogical composition of the different 

lithologies, over 60 whole-rock powders were x-rayed using a SCINTAG PAD 

V X-ray diffractometer with Cu Ka radiation (I = 1.54056 A), scanning from o· -
70°, at a rate of 5° 2 e per minute. For a quantitative determination of calcite 

mineralogy in the marls and chalk, selected samples were scanned over a 

range between 24· and 32· 2 e, at a scanning speed of 1 ·per minute. Fluorite 

was used as an internal standard. The carbonate phase in the sample was 

identified and the diffraction patterns were corrected in reference to the 

standard. Mole percent MgC03 in the calcite W?S calculated using the 

relationship between d spacing and the mole fraction MgC03 (Bischoff et al., 

1983): 

d(Mg-calcite) = -0.291667 x mole fraction MgC03 + 3.0350 (2.1) 

ICP-AES 

Approximately 0.5 g each of twelve representative samples of marl and 

chalk from the two Chalk units were digested in a 2:1 :2 mixture (by volume) of 

HCI, HN03 and HF. 25ml of 0.5M H3B03 was then added and the solution 

was made up to 100 ml in a volumetric flask. The elements Al, Ti, Na, Fe, Ca, 
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Mg, Mn and Sr were measured with an inductively coupled plasma atomic 

emission spectrometer (ICP-AES). The analytical precision and accuracy of 

the measured values were found to be better than 3% for all elements. 

Calcium carbonate content and total organic carbon determinations 

Total inorganic carbon was determined for all samples collected using 

an UIC 5011 Coulometer equipped with a Model 5130 ac.idification module. 

Ten to twenty mg of ground and weighed samples were digested in a 2N 

solution of perchloric acid. The evolved C02 was titrated in a 

monoethanolamine solution with a color indicator, and the change in light 

transmittance was monitored with a photodetector cell. The variation in light 

transmittance allowed for the calculation of inorganic carbon (c.f. Huffman, 

1977; Engelman et al., 1985). Accuracy of the procedure, checked by using 

an in-house standard of pure calcium carbonate, was found to be better than 

0.2%, and the reproducibility was calculated to be± 0.01 %. Assuming that 

total inorganic carbon (TIC) has the stoichiometry of pure CaC03, calcium 

carbonate contents (wt. %) were calculated fror:n the TIC data, using a 

conversion factor of 8.33. Considering that the mole percent magnesium in 

the calcites ranges between 1.3 and 3.9%, the estimated error in using the 

above conversion factor works out to 0.6%-1.3%. 

Total carbon determinations were made by combusting the samples at 

925°C in a Coulometrics 5120 carbon furnace followed by coulometric titration 

of the liberated C02. The absolute precision calculated from replicate 

analyses was between 0.05-0.1 %. Percent total organic carbon (TOC) was 

calculated by difference between total (combustible) carbon and carbonate 
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(acid-soluble) carbon. Unless otherwise specified, all TOC concentrations are 

given on a whole-rock rather than on a carbonate-free basis. 

Sulfur analyses 

Total sulfur content in the sediments was determined using an UIC 

Model 3200 Sulfur Coulometer equipped with a Model 3220 furnace. 10-20 

mg of dried and weighed sample was placed in a ceramic combustion boat, 

covered with vanadium pentoxide, and introduced into a 1 oso·c combustion 

furnace in an atmosphere of pure oxygen. The combustion products (sulfur 

and sulfur oxides) were passed over a catalyst to ensure quantitative oxidation 

of sulfur, and then over reduced copper to remove any excess oxygen. Pure 

nitrogen was used as carrier gas for transferring the liberated S02 into the 

coulometer for titration (Atkin and Somerfield, 1994). Accuracy of the process 

calculated using pure Na2S03 was ± 1 .5 %, and precision ranged between 

0.1-0.5 %. 

Total inorganic reduced sulfur (TRS, mostly acid-volatile sulfur, pyritic 

sulfur, and elemental sulfur, Se) was determined on selected samples of marl, 

chalk and organic-carbon rich clays, by the Cr (II) reduction technique of 

Zhabina and Volkov (1978), as modified by Canfield et al. (1986), Tuttle et al. 

(1986), and Amaral et al. (1993). This method has been demonstrated to 

decompose only the sulfur present in reduced sulfur species (mono- and di 

sulfides, and elemental sulfur) to H2S, while not reducing the sulfur in sulfates 

and organic sulfur compounds (Canfield et al., 1986). Briefly, the procedure 

involves boiling about 1 gm of the sample with acidic 1 M CrCl2 for 2-4 hours, 

in a nitrogen atmosphere. Instead of gravimetrically analyzing the liberated 
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H2S (which contains sulfur only from the reduced inorganic species), the gas 

was allowed to escape. The completion of reaction was monitored by 

checking for any escaping H2S with the help of a paper wetted with AgN03. 

The residual sample after analysis was collected, rinsed at least four times in 

distilled water, dried and powdered. · Because XRD analyses did not reveal the 

presence of acid-soluble (gypsum, anhydrite), or acid-insoluble (barite) sulfate 

minerals in the samples analyzed, the residue after removal of TRS was 

considered to contain only organic sulfur (Sorg). The concentration of Sorg in 

the residual samples was analyzed coulometrically. Replicate analyses using 

the chromium-reduction technique yielded a precision of ±4%. 

No attempt was made to determine the concentration of acid-volatile 

sulfides (AVS) or elemental sulfur (Se), because the samples were found to be 

significantly oxidized. The difference between the total sulfur concentration in 

the sample and the concentration of Sorg has been treated as sulfur bound to 

ferrous iron (pyrite, FeS2), although it is quite likely that a portion of the TRS 

could initially have been in the form of monosufides or even elemental sulfur. 

Nitrogen analyses 

Total nitrogen was determined at ETH, Zurich, using a Carlo Erba CNS 

Analyzer. The replicability of percent total nitrogen for a given sample was ± 

1.8 %. Total carbon and sulfur were also determined on limited number of 

samples using the CNS analyzer. The precision for replicate analyses of total 

carbon by CNS was± 2 %, as against 0.05-0.1 % by coulometric titrations. 

Because of the better reproducibility of the results obtained from coulometric 

titrations, only the nitrogen data from the CNS analyzer have been accepted 
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for this study. In order to avoid dilution effects, the nitrogen values have been 

recalculated on a carbonate-free basis. 

Stable Isotope analyses 

Samples for isotopic analyses of carbon and oxygen were selected on 

the basis of coulometric determinations of carbonate and organic carbon 

contents. Representative samples from several marl-chalk couplets, covering 

practically the entire stretch of the core section sampled, were analyzed. 

Typically a suite of analysis covered one sample from the marl and another 

from the overlying chalk. Wherever possible, more than two samples from a 

couplet were analyzed to obtain data on variations in isotopic composition 

from underlying marl to overlying chalk. Carbon dioxide was extracted by 

reacting the samples in anhydrous phosphoric acid (p ~ 1.92 g cm-3) at so·c 

for at least 8 hours. The gas was cryogenically purified prior to analyses in a 

triple-collecting VG micromass 903 mass spectrometer (at ETH-Zurich), or in 

Finnigan Mat 252/Delta S stable isotope mass spectrometers (at UH). All 

isotopic data are referred to the PDB carbonate standard, and all conventional 

corrections have been made (e.g., Craig, 1957; Santrock et al., 1985). 

Oxygen isotopic composition of calcite was calculated using a fractionation 

factor of 1.00925. NBS standards were frequently used to verify the accuracy 

of the results. Analytical precision based on replicate measurements of 

selected samples and the standards was± 0.10%o for o13C and± 0.15%0 for 

()18Q. 

Carbon isotopic composition of total organic carbon (TOC) in selected 

samples of marl-chalk cycles and organic-carbon rich sediments was 

28 



determined by mass spectrometric analysis of C02 produced by combustion 

of acid-treated samples. About 25 mg of sample were placed in 

precombusted quartz tubes, and treated with 50% (v/v) HCI at room 

· temperature. Residues were washed, dried and mixed with cupric oxide. The 

tubes were evacuated, sealed, and combusted in a muffle furnace at 850"C for 

at least 8 hours. Isotopic abundances were measured on cryogenically 

purified C02. using either a Finnigan Mat 252 or Delta S stable isotope mass 

spectrometer (Saritrock et al., 1985). Similar analyses were also performed at 

ETH-Zurich, which did not use heated tubes, but rather continuous flow 

combustion during the reaction (Hollander, 1989). Analytical uncertainty for all 

analyses was less than 0.1 %0. 

Isotope analyses of organic molecules 

It has been demonstrated that isotopic analyses of certain specific 

organic compounds ("biomarkers") in sediments afford a fast and reliable 

technique, not only in identifying their source (primary autotrophic, 

heterotrophic, or allochthonous), but also in reconstructing the carbon flows 

within an aquatic system and its sediments (Hayes et al., 1987, 1990; 

Freeman et al., 1990; Kenig et al., 1994; Schoell et al., 1994). The rationale 

behind this compound-specific isotopic analyses (CSIA) is that the isotopic 

composition of a specific biomarker will reflect that of its parent organism, and 

the observation that compounds with common biological origins have similar 

carbon isotopic compositions. Furthermore, because photosynthetic carbon 

fixation by the primary organism is essentially dependent on environmental 

conditions, the abundance and distribution of 13C in the biomarker 
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compounds, together with the record of total organic carbon can provide 

valuable information on biogeochemical processes at the site of deposition. 

With the ultimate goal of reconstructing the carbon flow in the Plio

Pleistocene Black Sea during the times of deposition of the carbonate 

sequences, compound-specific isotopic analyses of ten selected organic

carbon-rich samples from the marl and chalk beds in the Lower Chalk unit 

were carried out during the course of this study. The different steps involved 

in the isolation of various organic fractions and in the determination of the 

isotopic composition of the organic molecules are briefly discussed below. 

Solvent extraction 

Bitumen from the samples were extracted with a soxhlet apparatus 

using 400 ml of an 80:20 mixture of dichloromethane (DCM) and methanol 

(MeOH). Sample size varied from 5 to 1 Og. Activated copper was added to 

the solvent mixture for desulfurization of the extract. The solvent was 

maintained at a constant temperature of 40"C during the entire extraction 

period, which lasted from 48 to 72 hours. The _extract was filtered, the solvent 

reduced to a small volume by rotary evaporation, and subsequently dried at 

room temperature in a baked and pre-weighed vial. The percentage of 

extractable organic matter was also determined. 

Chromatography on silica gel 

The bitumen obtained from soxhlet extraction was separated into 

saturate, aromatic, and polar fractions, respectively, by column 

chromatography on a silica gel column. Only distilled HPLC grade solvents 
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were used for all extractions. The procedure adopted, involved the following 

steps: 

1. The column was plugged with cotton wool, and rinsed using 2 column 

volumes of methanol, followed by 2 column volumes of chloroform and 

1 column volume of petroleum ether. The column was then filled with 

petroleum ether until the bulb was approximately half-full. 

2. 9 g. of Merck 40 (60 mesh) silica gel activated overnight at 1 so·c was 

slowly added to the column. 

3. The extract was then added until it was about one mm from the base of 

the bulb. 

4. The column was then sequentially eluted using 30 ml of petroleum 

ether, 38 ml of a 1 :1 mixture of petroleum ether and DCM, and 30 ml of 

1 :1 chloroform and methanol, to obtain respectively, the saturate, the 

aromatic, and the polar fractions. The fractions were collected in pre

baked 100 ml flasks. 

5. The different fractions were reduced to small volumes in a rotary 

evaporator, and subsequently dried in baked and weighed sample vials. 

Gas chromatography of the petroleum ether eluate 

The saturate fraction of each sample was diluted to 50µ1 using 

cyclohexane. Gas chromatography of this fraction was performed on a Varian 

3400 gas chromatograph equipped with SPI on-column injector and HP ultra-1 

50 m x 0.32 mm column. 0.5µ1 of each sample was injected. The GC 

program was as follows: 

Initial column temperature: ao·c 
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Initial column hold time: 

Final column temperature: 

Column temperature rate: 

Column hold time: 

Initial injection temperature: 

No hold time 

lnj. final temperature: 

Detector temperature: 

0 

320°C 

5"C/min 

10 min 

70°C 

320"C, ramped at 150"/min 

320°C 

Gas chromatography-mass spectrometry 

Gas-chromatography-mass spectrometry of the saturate fraction was 

carried out at the Skidaway Oceanographic Institute, Georgia (by Dr. Stuart 

Wakeham). However, on account of phthalate contamination from sample vial 

caps when the organic extracts were sent for GC-MS analyses, only a gross 

characterization of the most prominent peak in five of the samples could be 

completed. Stereochemistry of the peaks is not available. 

Compound-specific isotopic analyses 

Compound-specific isotopic analyses (CSIA, also called isotope ratio 

monitoring gas chromatography mass spectrometry, irmGCMS, and gas 

chromatography-combustion-mass spectrometry, GC-C-MS) of the saturate 

fractions were performed on a Finnigan MAT 252 mass spectrometer 

equipped with a gas chromatograph combustion interface. In this system, 

capillary gas chromatography enables separation of the individual compounds. 

The eluting compounds from the GC are burnt on copper(ll) oxide at 850°C, 
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the water is removed, and the compounds are transmitted to the ion source by 

means of a stream of carrier gas (helium), through a restrictor capillary (Fig. 

2.2). The gas chromatographic column was 50 m HP ultra-1 with an internal 

diameter of 0.32 mm. Each sample was spiked with an internal standard 

mixture of perdeuterated n-alkanes (n-C152H34, n-C202H42 and n-C242Hso) 

which elute before n-alkanes of the same carbon number. Carbon isotopic 

composition of individual compounds are calculated relative to these internal 

standards and are reported in the usual delta notation, relative to PDB.) 

Chalk Units in the Black Sea 

As noted above, the sediments characterized by dominance of 

lacustrine chalks are confined to two thick (198 m and 128 m) intervals 

separated by diatomaceous siderite-rich clays (Fig. 2.1 ). The thicker, Upper 

Chalk unit is marked by silt-sized, light-olive gray calcitic sediments occurring 

as either mm-thick laminae alternating with greenish gray organic-rich 

clay/marl, or as homogeneous cm-thick interbeds in clay/marl. Freshwater 

dinoflagellates and benthic ostracods, indicative of a freshwater lacustrine 

environment, are the characteristic fauna! assemblages in the Upper Chalk 

unit (Olteanu, 1978; Schrader, 1978). Diatoms are absent, except for the 

interval between 484.5 m and 486 m. Abundance of the diatoms 

Stephanodiscus hantzschii and Melosira undulata at this level is indicative of 

surface water salinities of less than 10%o (Schrader, 1978). 

In contrast to the Upper Chalk unit, the lithology and fauna of the Lower 

Chalk unit are more diverse. Varying proportions of clays, organic matter, 
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Figure 2.2. Schematic representation of GC-C-MS for compound-specific 
isotopic analyses (from Hayes et al., 1990). 

34 



diatoms and calcite in this unit are reflected in a suite of laminated and 

structureless sediments. Benthic fossils are characteristically absent. The 

Lower Chalk unit is bounded at the top by a 55 m thick sequence of 

diatomaceous clays and marl, while the basal contact with the underlying 

Aragonite unit is marked by fissile, lithified, diatomaceous shale containing 

interbeds of chalk and aragonite (Fig. 2.3). Prominent intervals of organic 

carbon-rich clays and calcareous shale punctuate the cy9lic occurrences of 

chalk and marl in this unit (Fig. 2.3). 

Planktonic diatoms typical of an oligohaline environment (3 to 5 %0 

salinity) constitute the most abundant faunal assemblage in the Lower Chalks. 

Diatoms indicative of brackish water conditions in the basin have also been 

observed at several thin horizons in this unit (Schrader, 1978). These 

intervals may mark brief episodes of marine spills, or periods of increased 

evaporation in an hydrologically-closed Black Sea basin (Schrader, 1979; Hsu, 

1978a), as explored in the following discussions. 

Results 

Description of cycles 

Based on megascopic and microscopic observations, and variations in 

the carbonate content, five different types of bedding cycles have been 

identified in the two Chalk units. These are desribed below. 
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Lower Chalk - Lower Siderlte Unit contact 

Transitional unit between the laminated, diatomaoeous marl sequences above 
and the chalk cycles below. Contains cyclic alternations of laminated (1mm or 
thinner) diatomaceous marls-days and structureless chalks/marls. 12 such 
cycles over 97 cm. 

SM-LC cycles. The laminated chalks consist of alternating carbonate-rich and 
clay-rich laminae (chak-clay cycles). The chalk couplets are 1-5 cm thick, and 
each cycle varies In thickness from 4-10 cm (average 6 cm). 

SM-SC cycla The baul part al chalk marMd by chonc*11Jc burrOlllll. Chalk thlckn8u ranges betW88n 
0.3 and 3.5 cm and the cydee are, on an av•age 8 cm thick. 8-1 part of marl lamlnal«I. Corg In thla 

thla core section rela!Mt h h around 1%. 

SM-LC c:yciea In g-111. cmc:a-. ahaJe below 7'91 .3 m. The cydee are 1.5-3.5 cm thick (average 
52 cm), and the thlckneu al the chalk ranges belMal 0.3-3.5 cm, averaging 1 crri: Sir. chalk-man 
cycles belwMn 789.07-789.35 (8cycles) and 7'90.58-7'91 (6 cycles). 

[]!!!!!!: Predominan~y SM-LC cycles. Burrows between chalk and marl. Lam. chalk composed of 
0.5-1 cm interbeds of chalk and max. 1 cm thick, dial. mart. Each lam. chalk has 8-15 such 
couplets. 10-20 marl-lam. chalk cycles in each core section, each cycle 3-19 cm thick, chalk 
0.3-12 an thick (average 3 cm), increases in thickness down-core. SM-SC cycles come next 
in abundance. Between 805.81 and the base of the core section, cyclic alternations of 
structureless and laminated marls. 

SM-LC cycles, with chondritic burrows at the contact; between 815.2 and 816.3 m, 
. chalks are absent and the marls are Corg-rich (1-5%). The cycles vary in thickness 

from 3-19.5 cm (average 7. 7 cm), and the chalk is 0.5-6.5 cm thick, average 3 cm. 

SM-LC cycles down to 820.80 m. Below, SM-Lee cycles. Ttie cycles range in 
thidu'less from 2.5-23.5 cm, averaging 9.5 cm; the c:hcilk units are 0.2-9.5 cm thick 
(average 3 cm). 

Strucb.Jreless diatornaceous marl and clay, the diatom conent being about 30%. 
The top 1.21 mis black, organic-rich (Corg 1.3%) days. 

Laminated dlatomaceous marl with occasional interbeds of chalk. Below 
840.50 m, laminated dlatomaceous shale, with thin interbeds of carbonate 
material. Diatom content varies from 10-20%. 

Fissile, lithified, diatomaceous shale, with intervals of interbedded marls or 
laminated chalk (aragonite). Diatom content varies from 10-15%. 

Lower Chalk - Aragonite Unit contact 

Figure 2.3. Generalized lithological succcession in the Lower Chalk Unit 
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Structureless marl-structureless chalk (SM-SC) bedding cycles 

This kind of bedding rhythmicity is most prominent in the top 93 m of 

Upper Chalk unit and at several discrete levels in the Lower Chalk unit. In 

general, the cycles range in thickness from 2 to 1 O cm. A typical cycle 

consists of dark olive gray structureless marl at the base, grading upward into 

lighter colored, carbonate-rich, structureless chalk (Fig. 2.4a). The upper 

contact of the chalk with the basal part of the overlying cycle is invariably 

sharp. A zone of burrows characterizes the contact within a marl-chalk 

couplet. A detailed examination of the couplets reveal that the chalk of each 

couplet is most often piped from above into the marl below by means of 

burrows, indicating that the two lithologies are a result of distinct primary 

processes of sedimentation. 

There are some intrinsic megascopic differences between the 

structureless marl-structureless chalk cycles in the two Chalk units (Table 2.1 ). 

While the ratio of the thickness of chalk:marl in the Lower Chalk SM-SC cycles 

ranges between 0.2-1.6 (average 0.66), the corresponding ratio ranges 

between 0. 70-3.3 (average 1.60) in the cycles of the Upper Chalk unit. The 

average thickness of the chalks in both the units is, however, nearly the same 

(Table 2.1 ). The significance of these thickness variations between the marls 

and chalks is discussed in a later section. Another difference between the 

SM-SC cycles in the two units is the characteristic presence of a graded 

elastic sediment sequence of silt grading upward into silty clay, in the Upper 

Chalk cycles (Hsu and Kelts, 1978). This graded sequence indicative of low

density turbidity currents, generally forms the basal part of some couplets. 
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Figure 2.4a. Core photograph of structureless marl (dark)-structureless chalk (light) 
bedding cycles in the Lower Chalk unit of the Black Sea. Core section 42B-380A-50-
2, 119-129 cm. The thinner chalk at the base of the lower cycle is entirely bioturbated 
and the upper chalk is bioturbated at its base (into the intervening marl) and is massive 
at its top. Note the sharp contact between the upper chalk and its overlying 
structureless marl. Scale bar in centimeters. 
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Table 2.1. carbonate cycles In the Chalk units 

Number of Average 
Average 

Ratio Range of 
Cycle Cycle Type cycles 

Thickness 
thickness, 

thickness chalk: marl thickness 
designation 

studied 
range, cm 

cm 
of chalk, 

thickness ratio 
cm 

UPPER CHALK UNIT 

Structure less 

SM-SC 
marl-

21 2-9.5 3.9 2.0 1.60 0.70-3.3 
structureless 
chalk cycles 

w LOWER CHALK UNIT 
co Structureless 

SM-SC 
marl-

61 3-9.5 5.5 1.7 0.66 0.2-1.6 
structureless 
chalk cycles 

Structure less 
SM-LC marl-laminated 116 2.7-10.5 7.4 2.5 0.63 0.1-2.0 

chalk cycles 

Structureless 
SM-Lee marl-lensoidal 21 6-11 8.9 2.6 0.46 0.2-1.0 

chalk cycles 



The Lower Chalk SM-SC cycles are, however, dominantly simple alternations 

of marl and chalk, without any grain size grading. 

Structureless marl-laminated chalk (SM-LC) bedding cycles 

These cycles are by far the most abundant types of bedding rhythmicity 

observed throughout the Lower Chalk unit as well as in the lower half of the 

Upper Chalk unit (below 540 m depth). Typically, these cycles consist of a 

basal, dark olive gray, structureless marl, overlain by a 2 to 5 cm thick 

sequence of finely laminated chalk (Fig. 2.4b). A zone of intense bioturbation 

in the form of mottling and burrows commonly intervenes between the marl 

and the chalk. The burrows are irregular and run more or less obliquely or 

parallel to the bedding plane. The chalk sequence exhibits a fine varved 

pattern of mm-thick, carbonate-poor, organic-matter rich, clay laminae 

alternating with lighter colored laminae rich in calcite. About 20-25 varve 

couplets per cm of the chalk portion of each couplet are usually present. The 

thickness of the SM-LC cycles ranges from 3 to 10 cm, and the chalk bed is 

generally only half as thick as the correspond~ng marl of the couplet (Table 

2.1 ). 

Structureless marl-/ensoidal chalk (SM-LeC) bedding cycles 

Bedding rhythmicity marked by couplets of alternating dark olive gray 

structureless marls, and lighter colored carbonate-rich chalks exhibiting a 

lenticular pattern, are most conspicuous in the Lower Chalk unit towards its 

basal part (Fig. 2.4c). The lenses are typically about one-tenth of a mm thick, 

and about one mm long. About ten to twelve stringers of calcitic lenses are 
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Figure 2.4b. Left: Core photograph of structureless marl (dark)-laminated chalk (light) 
bedding cycles in the Lower Chalk unit of the Black Sea. The chalk is finely laminated, but 
also bioturbated at both its top and bottom. Core section 42B-380A-51-4, 74-85 cm. Right: 
Core photograph of two structureless marl (dark)-laminated chalk (light) bedding cycles in 
the Lower Chalk unit. 42B- 380A-52-1 , 52-63 cm. Scale bar in centimeters. 



Figure 2.4c. Left: Core photograph of structureless marl (dark)-lensoidal chalk (light) 
bedding cycles in the Lower Chalk unit of the Black Sea. The cellular structure of the 
lensoidal fabric is attributed to fine scale bioturbation of a laminated chalk. Note the sharp 
contact with the intervening marls. Core section 42B-380A-51-4, 103-115 cm. Right: Core 
photograph of laminated (base) to bioturbated marls (middle) in the Lower Chalk unit. The 
uppermost layer is a structureless chalk whose fabric is interpreted to result from complete 
bioturbational mixing. 428- 380A-55-1, 0-22 cm. Scale bar in centimeters. 



usually present in the chalk part of a couplet. Often these chalks display 

faintly preserved laminations (Fig. 2.4c). The contact between the lensoidal 

chalks and the basal structureless marls is invariably bioturbated. SM-LeC 

cycles have the lowest chalk:marl thickness ratios among the different 

carbonate bedding cycles in the Black Sea (Table 2.1 ). 

Structureless marl-laminated marl (SM-LM) bedding cycles 

Between 805.80-806.50 m and 815.20-816.31 m, rhythmic occurrences 

of finely laminated marls alternating with structureless marls are conspicuous. 

These couplets differ from the SM-LC cycles not only in the carbonate 

contents of the individual beds, but also in the concentration of organic carbon. 

Both the structureless and laminated marls of this sequence are relatively Corg 

rich, compared to other cycles. 

Diatomaceous marl-clay varves, and bedding cycles 

As noted earlier, finely laminated diatom-rich marls and clays are 

characteristic of the upper core sections of the Lower Chalk unit (Fig. 2.3). 

This sequence of sediments consists of sharply defined, mm- to cm-thick 

laminae of light olive green, diatomaceous marls alternating with darker 

colored carbonate-free clays. lnterbedded with these laminated lithologies are 

thicker, structureless sediments comprising of diatomaceous marls, diatom

poor marls, and occasionally, diatomaceous clays. Diatom content is highly 

variable, from around 3% to as much as 45% (Ross, Neprochnov, et al., 

1978). A perceptible up-core decrease in the carbonate content is 

characteristic of this suite of sediments. A transitional unit of diatomaceous 
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marl-clay sequences alternating with structureless marl-chalk cycles marks the 

contact between the diatomaceous lithologies above and the carbonate cycles 

below (Fig. 2.3). The diatomaceous cycles were not sampled, and their 

interpretations are beyond the scope of this research. 

Petrography and mineralogy 

Textural studies of the variants of chalk in the different bedding cycles 

and the structureless marls indicate intrinsic differences in the characteristics 

of these lithologies. The sediments are mostly silty clay/clay. The 

structureless chalk and marl sections consist of varying proportions of fluffy 

organic detritus and siliciclastic materials in a groundmass of microcrystalline 

calcite (Fig. 2.5a). In the cycles of the Lower Chalk unit, diatoms and diatom 

frustules are also present, in both the marls and the chalks. Some of the 

diatom tests show varying degrees of dissolution (Stoffers and Muller, 1978). 

Morphology of the calcite grains ranges from euhedral crystals to irregular 

grains, exhibiting an interlocking texture. 

Clay minerals, quartz and feldspars are the most important terrigenous 

constituents of the sediments. Detrital calcite grains are rare, and where 

present, they are distinguishable from the groundmass carbonates by means 

of their larger grain size and crumbly appearance. The organic detritus 

consists mostly of thinly laminated, dark, amorphous material. The 

laminations are typically lenticular, and rarely extend continuously across a 

whole thin section (Fig. 2.5b). 

Concentration of pyritic microspheres (framboids) are noticeable in both 

the marls and chalks. (Fig. 2.6). Occasionally, the framboids are found 
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A 

Figure 2.5. Thin section photomicrographs of structureless chalks in the Upper Chalk 
unit. (A) Homogeneous microcrystalline calcite with interlocking texture. X-nicols. 
Horizontal dimension (HD)= 0.16 mm; sample number BS-Q2 (42B-380A-15-2, 43-
44 cm). (B) Structureless chalk from Lower Chalk unit as seen in reflected light. 
White bands are impersistent laminae of organic matter. Dark groundmass is chalk 
stained with Alizarin red-S and K-ferricyanide in HCl. HD= 1.1 mm. 
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A 

B 

Figure 2.6. Reflected light thin section photomicrographs of pyrite framboids 
in structureless chalks in the Lower Chalk unit. (A) Pyrite concentrated along 
a bedding plane (up is to the left). Horizontal dimension (HD)= 1.1 mm; 
sample number BS-57 (42B-380A-52-6, 106-107 cm). (B) Close-up of (A), HD 
= 0.16 mm. 
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sandwiched along the contact between the marl and chalk. No major 

variations in the abundance of pyrite could be observed in the lithologies 

forming a couplet. 

Bioturbation on a microscopic scale is manifested in the sediments as 

laminar discordance. This is most prominent in the lensoidal chalks, and 

occasionally along the contacts between marl and laminated chalk beds. 

Laminated chalks are characterized by 0.1 to 0.2 mm thick calcite-rich 

microlaminae alternating with thinner carbonate-free clay laminae (Fig. 2.7). 

Organic-rich clay laminae are also present, but they are discontinuous and 

patchy. Lensoidal chalks, however, are marked by irregular or contorted 

banding of alternating calcite-rich and clay-rich laminae (Fig. 2.8). Intense 

micro- burrowing appears to be responsible for the lenticular nature of the 

chalks and the impersistence of the laminae across the section. Alternatively, 

these structures may represent a form of biolamination produced by benthic 

bacterial mats, or perhaps a structure produced by depositton of diatom mats 

(c.f. Kemp and Badauf, 1993). 

SEM observations show that the calcite gra_ins are .nearly uniform in 

size, ranging from 5 to 15 µm. The crystals occur as either blocky 

rhombohedra with signs of selective dissolution, or as crumbly aggregates with 

corrosion features (Fig. 2.9). Samples from the different carbonate beds in 

both the Chalk units do not show any apparent variations in the morphology of 

the calcite grains, or in the intensity of dissolution. 

X-ray diffraction analyses show that the carbonates in marls and chalks 

are invariably low-magnesian calcites. Mole percent magnesium in the 

calcites ranges from 1.3 to 3.9 %, averaging 2.7%. (Table 2.2) There are no 
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Figure 2.7. Thin section photomicrographs of laminated chalks from the Lower Chalk unit. (A) 
Reflected light view of stained sample of very finely laminated chalk (golden brown), clay (dark) and 
organic matter (bright). Horizontal dimension (ID))= 1.1 mm. BS-37 (42B-380A-53-3, 133-134 

cm). (B) Plane light thin section photomicrograph of laminated chalk in the Lower Chalk unit. Calcite 
layers stained red and medial clay-rich layer (0.2 mm thick) is unstained. Clay is laterally 

discontinuous due to bioturbation (not shown). HD= 1.1 mm. BS-89 (42B-380A-51-6. 16-18cm) 



A 

B 

Figure 2.8. Thin section photomicrographs of lensoidal chalks from the Lower 
Chalk unit. (A) Plain light view of stained sample of lenses of chalk (black) 
separated by layers of organic-carbon-rich clay (yellow). Horizontal dimension 
(HD) = 2.3 mm. BS-92 (42B-380A-51-4, 107-110 cm). (B) Close-up of (A). 
Calcite bands stained red. HD= 0.16 mm. 
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Figure 2.9. SEM photographs of calcite grains in Lower Chalk couplets (from 
Staffers and Muller, 1978) 
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Table 2.2. Mole °lo Mg in calcites, calculated from XRD analyses 

CaC03 
Mole 

Depth range, m Core section, cm Lithology content, 
%Mg 

% 

UPPER CHALK UNIT 

459.0-459.025 14-3, 0-2.5 · Structureless chalk 45.00 1.28 
459 .025-459.065 14-3, 2.5-6.5 Bioturbated marl 31.25 2.14 
459. 725-459. 7 4 14-3, 72.5-74 Structureless marl 49.50 3.93 
460.34-460.49 14-3, 134-149 Structureless chalk 60.00 2.31 
467 .43-467 .44 15-2, 43-44 Laminated chalk 57.33 1.74 
497.05-497.06 18-3, 5-6 Laminated chalk 48.42 2.13 
514.79-514.80 20-2, 29-30 Marl 22.08 2.41 
549.27-549.28 23-6, 27-28 Marl 46.42 1.97 
639 .80-639 .81 34-3, 30-31 Marl 36.83 2.11 

LOWER CHALK UNIT 

789.155-789.169 50-1, 115.5-116.9 Structureless chalk 65.42 6.38 
789.169-789.18 50-1, 116.9-118 Calacreous mud 26.92 3.74 
789 .18-789.21 50-1, 118.5-119.5 Calacreous mud 26.42 4.10 
798.425-798.48 51-1, 925.-98 Lensoidal chalk 63.58 4.06 
798.48-798.545 51-1, 98-104.5 Structureless marl 44.00 3.83 
799 .52-799 .533 51-2, 52-53.3 Structureless chalk 75.92 2.92 
799 .533-799 .55 51-2, 53.3-55 Laminated marl 39.25 2.32 
801.05-801.06 51-3, 55-56 Structureless chalk 61.00 3.00 
801.06-801.105 51-3, 56-60.5 Calcareous mud 25.00 2.58 
803.07-803.08 51-4, 107-108 Lensoidal chalk 66.17 2.27 
809.14-809.22 52-2, 14-22 Laminated chalk 71.92 1.28 
809.14-809.22 52-2, 14-22 Laminated chalk 73~17 1.75 

. 809.22-809.24 52-2, 22-24 Structureless marl 46.42 1.70 
809 .26-809.275 52-2, 26-27.5 Structureless marl 47.92 1.73 
815.78-815.81 52-6, 78-81 Laminated Corg marl 57.58 1.71 
815.81-815.85 52-6, 81-85 Structureless Corg mar 42.00 1.60 
823.38-823.39 53-5, 38-39 Lensoidal chalk 75.67 2.67 
823.40-823.41 53-5, 40-41 Lensoidal chalk 71.83 2.69 
823.41-823.44 53-5, 41-44 Structureless marl 37.00 2.81 
823.48-823.505 53-5, 48-50.5 Structureless marl 45.33 2.31 
823.515-823.52 53-5, 51.5-52 Lensoidalchalk 75.92 2.95 
825.19-825.215 53-6, 69-71.5 Lensoidalchalk 50.67 3.42 
825.22-825.245 53-6, 72-74.5 Structureless marl 40.50 3.33 
825 .30-825.33 53-6, 80-83 Calcareous mud 28.75 2.97 
837.09-837.26 55-1, 109-126 Varved chalk 57.83 3.86 
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characteristic variations in magnesium content across the different cycles. 

Quartz, clay minerals and feldspars constitute the dominant terrigenous 

fraction. Although smectite is the most abundant clay mineral in both the 

Chalk units, a perceptible increase in the illite:smectite ratio is apparent in the 

Upper Chalks relative to the Lower unit (Trimonis et al., 1978). Stoffers and 

MOiier (1978) attributed this variation in clay content to a difference in the 

relative influence of hinterland bedrock weathering and drainage into the Black 

Sea during the deposition of the two units. The relative abundance of smectite 

in the Lower Chalk unit suggests a dominant influence of the southern rivers 

draining into the Black Sea. During the deposition of the Upper Chalk unit, 

however, the influence of the northern drainage system, especially the 

Danube, was more predominant (Stoffers and MOiier, 1978). 

Carbonate and organic carbon contents 

Individual marl-chalk bedding cycles in both the chalk units show a wide 

variation in CaC03 content from the basal marl to the overlying chalk, by a 

factor of nearly 2. In general, the structureless marl-stru~ureless chalk beds 

in the Upper Chalk unit have the lowest CaC03 contents, with average values 

of 33% and 57%, respectively (Table 2.3). The different variants of the chalk 

beds in the Lower Chalk unit do not display any characteristic differences in 

their carbonate contents. Mean CaC03 values for the chalks and the marls in 

this unit are about 70% and 40%, respectively. The clay-rich laminae in the 

laminated chalk beds are characterized by CaC03 contents ranging from 

near-zero to around 26%. 
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Table 2.3. 
Ranges and average values of calcium carbonate and organic carbon contents in the various marl-chalk cycles 

Weight% Mean Weight% 
Mean weight % 

Weight% Mean Weight% Mean 
Cyde Type CaC03, weight% Corg, Corg• CaC03, weight% Corg, weight% 

range CaC03 rang_e• rang_e CaC03 rans.e· Corg_• 
UPPER CHALK UNIT 

Chalk Marl 

Structureless marl-
structureless chalk 40-64 57 0.58-2.18 1.3 14-50 33 0.6-1.8 

(SM-SC) 

LOWER CHALK UNIT 

Structureless marl-
structureless chalk 57-78 70 0.4-4.6 2.4 15-49 36 0.8-1 .6 1.3 

(SM-SC) 

01 Structureless marl-
cu laminated chalk 58-82 70 1.3-5.3 3.3 27-55 44 0.9-2.4 1.7 

(SM-LC) 

Structureless marl-
lensoidal chalk 51-76 68 2.7-5.7 3.9 29-52 42 1.2-2.2 1.7 

(SM-LeC) 

Structureless marl-
laminated marl 40-58 53 3.5-4.7 4 34-42 40 1.6-4.6 2.4 

(SM-LM)** 

• on a carbonate-free basis 

•• Values for structureless marls in the first four columns 



A similar variation in total organic carbon (TOC) is apparent in the marl

chalk cycles of the two Chalk units. The Upper Chalk cycles are impoverished 

in organic carbon relative to those of the Lower Chalk unit. In this latter unit, 

the SM-LC and SM-LeC couplets have comparable organic carbon contents, 

with mean values ranging between 0.8 and 1.2%. Cross plots of the 

carbonate content against organic carbon (recalculated on a carbonate-free 

basis) for the different cycles show a fairly good positive correlation between 

the two variables (r2, ranging between 0.41 and 0.83; Figs. 2-10 and 2-11). 

Major and trace element concentrations 

CaC03 contents calculated from whole-rock ICP-AES analyses of Ca 

tallies fairly well with coulometrically-determined CaC03 contents (Table 2.4). 

This suggests that Ca in the sediments is mostly in the carbonate fraction. 

Elements commonly characteristic of detrital fractions (Al and Ti) are nearly 

twice as high in the marl beds of each couplet compared to the corresponding 

chalk beds. Furthermore, these elements tend to decrease with increasing Ca 

concentrations, signifying dilution effects (Fig. 2.12). The large fluctuations in 

caroonate contents across the couplets would be expected to obscure subtle 

compositional variations in the concentration of minor and trace elements. 

This would explain the lack of any significant variations in the concentrations 

of Mg, Mn, Sr, and Ba actoss the marl-chalk couplets. Total iron 

concentrations are discussed in a later section. 
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Table 2.4. ICP-AES analyses of samples from marl-chalk couplets In the two Chalk units 

Wt% 
Wt% 

Sample Core section, Wt.% Wt% Wt% Wt% Wt% Wt% Mn, Sr, Ba, CaC03 
CaC03 

No. interval, cm 
Lithology 

Si Al Ti Ca Mg Fe ppm ppm ppm (from Ca 
(from 

coulom 
content) 

etry) 

BS-G1 14-3, 18.5-20.5 Str. chalk 9.30 2.68 0.12 22.17 0.63 1.28 866 367 306 55.43 58.83 
BS-G2 14-3, 20.5-23.2 Str. marl 18.05 4.66 0.24 8.49 1.08 2.87 613 266 329 21.23 31.33 

01 
BS-134 51-2, 111-112 Lam. chalk 6.67 1.44 0.08 29.70 0.61 0.95 771 621 211 74.25 71.83 

""" 
BS-132A 51-2, 112-117 Str. marl 15.00 3.16 0.18 14.51 0.72 1.66 482 422 210 36.28 44.33 
BS-126 51-3, 55-56 Str. chalk 10.85 2.49 0.12 21.36 0.63 0.93 401 410 177 53.40 60.00 
BS-124 51-3, 56-60.5 Str. marl 21.30 5.03 0.26 7.61 0.84 2.70 778 239 261 19.01 25.00 
BS-81 52-1, 131-133.5 Lam. chalk 7.25 2.08 0.08 24.09 0.48 0.93 396 335 166 60.23 66.50 
BS-80 52-1, 133.5-139 Str. marl 11.50 2.57 0.12 19.56 0.60 1.25 451 260 152 48.90 54.00 
BS-19 53-6, 69-72 Lenso. chalk 14.95 2.76 0.12 17.78 0.61 1.21 300 437 219 44.45 50.67 
BS-17 53-6, 72-83 Str. marl 16.35 3.15 0.15 16.01 0.59 1.60 240 389 258 40.03 40.50 
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Total nitrogen and C/N ratios 

Unlike the total organic carbon and the carbonate contents, the values 

of total nitrogen do not show any characteristic changes between the different 

lithologies or among the different cycles. The values are in general spread 

over a wide range, between 0.02%and 0.3%, with an average of 0.16% 

(Appendix 8). The ratio between organic carbon and nitrogen in sediments 

has been widely used for a preliminary characterization of organic matter in 

terms of autochthonous versus terrigenous provenance, in both marine and 

lacustrine environments (e.g. Sweeney et al., 1980; Jasper and Gagosian, 

1990; Talbot and Johannessen, 1992; Meyers and Horie, 1993). 

Autochthonous organic matter tends to be enriched in low-molecular weight, 

nitrogen-rich compounds such as proteins and nucleic acids, while relatively 

depleted in high-molecular weight, C-rich compounds (MOiier, 1977; Dean 

1981 ). Consequently, autochthonous organic matter is characterized by 

relatively low C0 rglN ratios, typically <10. Lignin and cellulose, the dominant 

components of terrestrial vegetation, are nitrogen-poor, and thus tend to have 

higher C0 rglN ratios (Stein, 1991; Talbot and Johannessen, 1992). · 

Atomic C/N ratios of the marls and chalks in both the Chalk sequences 

(recalculated on a carbonate-free basis), tend to vary between 5 and 15, 

indicating a mixed autochthonous-terrestrial signal with a relative dominance 

of the terrigenous fraction· (Fig. 2.13, A). There is apparently no intrinsic 

variation in the C/N ratios between the marls and the chalks (Fig. 2.13, B). 
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Sulfur content and C/S ratios 

The total amount of sulfur (Stotal) in the sediments is highly variable. 

The values, recalculated on a carbonate-free basis, range from 0.23 wt% to 

over 2%, with a mean of 0.9%. In general, the SM-SC cycles have relatively 

low sulfur contents, of less than 0.5%. Values exceeding 1 % are 

characteristic of the SM-LeC cycles occurring towards the base of the Lower 

Chalk unit (Appendix B). There is a perceptible increase in total sulfur 

contents from the basal marl to the overlying chalk of individual couplets (Fig. 

2.14). However, this variation becomes highly irregular when sulfur contents, 

recalculated on a carbonate-free basis, are compared, signifying the effects of 

dilution. 

The ratio between C0 rg and sulfur contents has been demonstrated to 

be a useful tool as a paleosalinity indicator, as a measure of past climate 

dynamics, as an indicator of diagenetic and epigenetic sulfidation in 

sediments, and for distinguishing between different oxygen-poor depositional 

environments (e.g., Berner, 1970, 1984; Goldhaber and Kaplan, 1974; 

Leventhal, 1983, 1995; Berner and Raiswell, 1984; Raiswell and Berner, 

1984; Dean and Arthur, 1989; Lasher and Kelts, 1989; Bein et at, 1990; 
. . 

Morse and Emeis, 1990; Lyons and Berner, 1992; Morse and Berner, 1995). 

Essentially, this approach relies on the factors limiting the formation of 

sedimentary pyrite (FeS2) from microbial degradation of organic matter, under 

anoxic pore-water or water-column conditions. This complex process may be 

schematically expressed as follows : 

61 



O> 
I\) 

Weight % CaC<\ Weight% Weight % 
eorg s1o1 

2 0 0.6 1.2 2 3 4 -6 

~Marl - str. • Marl - lensoid Hglglgll Marl -lam. 
~chalk cydes chalk cycles ~ ~ ~ ~ chalk cycles 

E3 Corg-rich 
~mart cycles .Shale 

Figure 2.14. Depth plot showing mean values of geochemical parameters for the various 

marl-chalk rhythmic couplets in the Lower Chalk Unit. The horizontal lines separate the 

different couplets. 



(2.2) 

where (CH20)1os(NH3)1s(H3P04) represents marine planktonic organic 

matter. Pyrite ultimately forms through the reaction of the resultant HS- with 

iron available in the depositional system (Morse and Mackenzie, 1990). 

Because the factors favoring pyrite formation are thus primarily dependent on 

the availability of organic matter, iron and sulfur, and the 

diagenetic/depositional conditions at the site, sedimentary authigenic pyrite 

offers the potential as a paleoenvironmental indicator. 

Three major trends between organic carbon and sulfur contents are 

characteristic of sedimentary depositional environments marked by the 

presence of authigenic pyrite (Fig. 2.15): 

a. Despite scatter in the data and some observed deviations (e.g. Morse 

and Emeis, 1990), a positive correlation between organic C and 

pyrite-Sis generally characteristic of "normal marine deposits" (as 

originally defined by Berner, 1982, synonymous with the "normal 

marine siliciclastics" of Morse and Berner, 1995). The regression line 

passes through the origin and yields a mean CIS weight ratio 2.8±0.8, 

signifying the coupling of pyritic sulfur to organic carbon, as shown by 

equation (2.2). 

b. Because of sulfate limitation, samples from fresh to brackish 

environments are confined to a low-S region over a broad range of 

Corg concentrations. 
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Figure 2.15. Schematic plot of organic carbon versus sulfur 
displaying the generalized distributions of data for three 
fundamental depositional systems: normal marine (oxygenated 
bottom waters), fresh to slightly brackish (after Lyons and 
Berner, 1992). 
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c. Sediments deposited under euxinic conditions, marked by anoxic

sufidic bottom waters, are characterized by non-zero S intercepts. 

This positive intercept signifies pyrite formation in the water column as 

well as at the sediment-water interface, under conditions not limited 

by the availability of dissolved sulfide. Two trends, both marked by 

non-zero S intercepts are possible in the euxinic sediments: (a) a line 

of zero slope signifying a decoupling of the Corg-S relationship, the 

pyrite formation ("syngenetic pyrite") being limited only by the 

availability of iron, and (b) a line of positive slope, indicating either the 

presence of both syngenetic and Corg-S coupled ("diagenetic") 

fractions, or syngenetic pyrite formation under strongly iron-limited 

conditions (Lyons and Berner, 1993). 

In lacustrine (freshwater) environments, a straightforward translation of 

the relationship between organic carbon and total sulfur is not always easy. 

Lake deposits reflect a wide spectrum of different watershed compositions, 

and the solute concentrations are widely variable (Lasher and Kelts, 19890. 

Furthermore, in these sediments, organic sulfur compounds form a substantial 

part of the (sedimentary) sulfur pool, and in many cases greatly exceed the 

concentration of pyrite-bound sulfur. Although high organic sulfur contents 

have been reported from several ancient marine environments as well (e.g. 

the Miocene Monterey Formation, Orr, 1986; the Permian phosphorite 

deposits of Idaho, Powell et al., 1975; the Upper Cretaceous phosphorites and 

carbonate-rich sequences of Israel, Bein et al., 1990), what distinguishes the 

sulfur pool in truly fresh water settings is that the amount of sulfur fixed in 

these sediments is not dependent on the sulfate concentration of the pore 
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waters or in the water column. Primary production in the photic zone 

contributes reduced sulfur in the form of organic sulfur compounds to the lake 

bottom. Relatively high rates of sedimentation in the lacustrine environment 

very often prevents the complete mineralization of these sulfur compounds, 

thereby adding more organic sulfur to the sulfur pool (Lesher and kelts, 1989). 

Microbial degradation of organic matter in the pore waters results in the 

formation of either metal sulfides, or the sulfide formed is incorporated into the 

organic matter, in the form of C-bonded sulfur (Francois, 1987). Organic

sulfur degradation during late-stage diagenetic processes can also provide 

additional pyrite (Brandl and Hanselmann, 1985). Thus, all these processes 

can substantially modify the Stotal signature in freshwater sediments. 

A plot of weight% organic carbon vs. total sulfur in the marl-chalk cycles 

of both the Chalk units shows a very wide scatter of the points around the 

ideal normal marine regression line (Fig. 2.16). High sulfur values exceeding 

2 wt% (on a carbonate-free basis), are all characteristic of the laminated 

chalks and their associated structureless marls, suggesting euxinic bottom 

waters associated with their formation. 

Although only limited determinations of pyrite-bound sulfur were 

completed in this study, the samples analyzed are representative of all the 

cycle variants in both Chalk units. The values indicate that in these 

sediments, organic sulfur constitutes 50-60% of the total sulfur content (Table 

2.5). A plot of wt% organic carbon vs. pyritic sulfur for these samples 

essentially brings out the sulfate-limited, fresh-to brackish nature of the Black 

Sea paleoenvironment- namely, low inorganic sulfur contents, over a wide 

range of carbon values (Fig. 2.17). 
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line shown (Berner, 1982; Lyons and Bemer, 1992), corresponds to a 
mean C/Sweight ratio of 2.8. 
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Table 2.5 
Iron, organic carbon, and sulfur contents in the marl-chalk bedding cycles 

Core section, Fe, Corg, S total, 
Organic 

Pyrite-S, 
Lithology sulfur, 

interval, cm wt.% wt.% wt.% wt.% 
wt.% 

14-3, 18.5-20.5 Str. chalk 1.28 0.52 0.24 0.15 0.09 
14-3, 20.5-23.2 Str. marl 2.87 0.60 0.66 0.46 0.20 
50-1, 103.5-104 Lam. chalk 1.92 1.91 0.61 0.32 0.29 
50-1 , 1 04-1 07 Str. marl 2.26 1.99 0.86 0.56 0.30 

en 51-2, 111-112 Lam. chalk 0.88 0.83 0.54 0.30 0.24 
CX> 

51-2, 112-117 Str. marl 1.66 0.82 0.84 0.50 0.34 
51-3, 15.0-16.5 Str. marl 1.24 0.55 0.18 0.10 0.08 
51-3, 17.5-22.0 Cale. mud 2.12 0.74 0.50 0.32 0.18 
51-3, 55-56 Str. chalk 0.93 0.63 0.14 0.07 0.07 
51-3, 56-60.5 Str. marl 2.70 0.68 0.19 0.12 0.07 
52-1, 131-133.5 Lam. chalk 0.93 1.34 0.22 0.13 0.09 
52-1, 133.5-139 Str. marl 1.25 0.92 0.34 0.21 0.13 
53-6, 69-72 Lenso. chalk ~ .21 1.32 0.41 0.25 0.16 
53-6, 72-83 Str. marl 1.60 0.98 0.85 0.57 0.28 
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The organic carbon-sulfur systematics of the Black Sea cycles is further 

shown in a ternary plot of total iron, sulfur and organic carbon (Fig. 2.18). 

Because these plots depict ratios and not absolute concentrations, the 

variables are free of dilution effects, as is the problem with C-S plots (see 

discussions in Dean and Arthur, 1989; Arthur and Sageman, 1994). In the 

figure, the line corresponding to SIFe = 1.15 represents the stoichiometry of 

pyrite (FeS2). All the samples analyzed plot above this line (i.e., have lower 

SIFe ratios), indicating a dominance of iron in the sediments. Of course, a 

higher concentration of iron than is stiochiometrically required for pyrite 

formation, does not necessarily mean that the system was not iron-limited. 

In the ternary diagram, the points corresponding to Corg-Fe-pyritic sulfur 

(open circles, Fig. 2.18) also plot roughly in the same area as for Fe-C0 rg-Stotal 

(closed circles in the figure). Ideally, in a system where all the iron was 

reactive, and where all the (sulfide) sulfur was a product of organic matter 

degradation, the Fe-Corg-S plot should fall on.the stoichiometric SIFe line. 

The distance of the plot from the Corg corner would be a measure of the 

availability of reactive organic matter. If the system were not sulfate-limited for 

pyrite formation, or if the sulfur pool contained some other form of sulfur as 

well, the plot should fall below the SIC line. However, in the Black sea 

sediments analyzed, even the plots relating pyritic sulfur to Fe and Corg fall 

above the SIC line. This.indicates that in this system, pyrite formation was 

limited mostly by the availability of dissolved sulfate. 
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Stable isotopic composition 

In general, carbon isotopic values of bulk carbonate in the entire 

measured Lower Chalk unit range from about +2.5%o to +3°~o in the marl beds, 

and between +3.0%o to +4%0 in the chalks (Appendix C; Fig. 2.14). 

Importantly, the rhythmic couplets of marl-chalk are characterized by an 

overall relative enrichment in 13C from the basal marl to the overlying chalk of 

each and every couplet. This difference in the o13C values tends to be similar 

for all the variants of marl-chalk cycles in both the Chalk units, with mean 

values of L\813C ranging from 0.5%o in the SM-LeC cycles to 0.8%0 in the SM-

SC cycles of the Upper Chalk unit. 

Relative to the rather systematic variations in o13C values within each 

couplet, the o18Q values of the carbonates are more variable and are spread 

over a wider range, from about -6.1%o to -1.8%0 (PDB). A prominent change in 

the oxygen isotopic composition is obvious in the Lower Chalk sediments, at 

around 800 m subbottom (Fig. 2.19). Below this depth, both marls and chalks 

are characterized by o18Q values ranging from -5.5%0 and -5%o. A nearly 3%o 

enrichment in 1ao occurs in the sequence, between 803 m and 801 m. 

Above this depth, there is a gradual decrease in o18Q values, with the values 

for the chalks and the marls at a depth of 785 m being -4.5%o and -5roo, 

respectively. 

The rhythmic couplets in both the Chalk sequences are characterized 

by prominent variations in the oxygen isotopic composition from the basal 

marls to the overlying chalks. Two apparently conflicting trends are 

conspicuous: (a) in some couplets, a slight enrichment in 18Q in the chalk 

beds relative to their basal marls (L\o1BQ = -0.5%o), a trend most pronounced 
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fraction, and the carbon isotopic composition of the total or~anic carbon in the marl and chalk beds of 

the lower chalk unit. 



in the SM-SC cycles of both the Chalk Units, and occasionally in the SM-LeC 

couplets (Figs. 2.20, 2.21, 2-22); and (b) in other couplets, a relative depletion 

in 18Q in the chalks relative to the basal marls (Lio18Q = 1.0%o to 1.5%0). The 

SM-LC cycles in general, exhibit this latter trend (Fig. 2.23), as well as do the 

SM-LeC couplets towards the basal part of the core (Fig. 2.24). As discussed 

more fully below, these variations in o18Q within couplets are attributed to 

fluctuations in mean ambient temperatures and evaporation intensity through 

time. 

The isotopic composition of the total organic carbon shows a wide 

variation only in the chalk beds of both the units, with the o13C values ranging 

from -28%0 to -24roo (Appendix C; Fig. 2.19). The o13C values of the marls are 

concentrated over a narrower range between -24%0 and -25%0. A gradual up

core depletion in 13C is observable between 820 m and 800 m subbottom. 

Compound-specific isotope analyses 

Gas chromatographs of the (apparently non-contaminated) samples are 

presented in figures 2.25 through 2.29. Carbon isotopic composition of the 

major peaks are also given. As can be seen, the chromatograms are 

dominated by a single peak in the C30 region. This major peak at about 54' 

was observed in samples of all three major variants of chalk in the Lower 

Chalk unit. Gas-chromatography mass spectrometry analyses suggest that 

the compound is a norhopane (molecular weight 384). The other peaks which 

could be identified in the samples are bisnorhopane (molecular weight 384, 

retention time 50') and hopane (molecular weight 412, retention time 56'). The 

74 



10 

20 

40 

Cit 

0 

CaC03 (wt.%) 

g 0 
II) g 

Corg (wt.%) C/N (atomic) 

C\!~<£?~qo 
0 0 0 0.,.... 

II) 0 II) .,.... 

0 C\I (') 

Corg wt. %, carb. 
-free basis 

Stotal (wt. %) o13Ccalcite (%..) 

OC\!~ <£? ~q O.,.... NC'> '<I° c::i 0 0 0 0 

~ ";- ~ L9 ""f 
o180ca1cite (%..) 

o 13Corg (roo) 
m <X> ,..._ w 11> -.r 
N C\I C\I C\I N C\I 

I I I I I I 

lccc~ 
Figure 2.20. Down-core variations in geochemical parameters in SM-SC cycles 

between 459.0 m and 459. 9 m ~ 

Structureless 
chalk 
Structureless 
marl 



A. 801.05 m - 801.185 m 

Cm 
0 

10 

CaC03 (wt.%) 

0 0 
C\I "It" 

0 0 
<O CX> 

~ B. 801.39 m - 801.55 m 

Corg (wt.%) 

~ ~ ~ 
0 .,... C\I 

Garg wt. %, carb. 
-free basis 

C/N (atomic) Stotal (wt. %) 

0 C\I "It" <O CX> 
ci ci ci ci ci 

Figure 2.21. Down-core variations in geochemical parameters across SM-SC 
cycles, between 801.05 m and 801.55 m 

013Ccalcite (%..) o13Corg (%o) 

LO "It" (") C\I .,... 
I I I I I 

0180calcite (%0) 

t ~ ~ ~ ~ Structureless chalk 

~Structureless marl 



C8CC\ (wt.%) Corg(wt.%) 

C\I 

Corg wt.%, 
(carbonate-free 

basis) 

0 

CIN (atomic) 

T 

0 .. 

. 

0 ... 0 ... C")•ll)t0 ..... 00-
0000000..;~ 

Figure 2.22. Down-core variations in geochemical parameters in SM-LC cycles 
between (800.11 m - 800.26 m) 

"' .. .. .. ... .. .. 
N 

.. .. 

()
18 ~ PDB) 

0 calcil8 ·-· 

E0D4 Laminated chalk 

~ Structureless man 



0 
N 

CaCC}.J,wt. % 

0 ... 0 

"' 
0 ... 

Corg, wt% 

COCDON•f'! 
0 0 ...: ...: ....: 

carb. 
free
basis 

Corg,wt. % 
(carb. free basis) 

C/N (atomic) 

0 0 0 0 0 
0 - N C') ..- ll'l 

ii 

• 

' 

' 

StotaJ. wt. % o13Ccak:ite. %o 

o18Qcalcite. %o 

~ Laminated chalk 

BQ Lensoidal chalk 

"' N 

Structureless 
marl 

Figure 2.23. Down-core variations in geochemical parameters in SM-LC and SM-LeC cycles, between 808.81 
m and 809.28 m. 



CaC03 (wt. %) Corg (wt.%) 
<OCOONV~ 
0 0 .,.:. .,.:. .,.:. ,... 

Corg. wt.% 
(carb. free) 

C/N (atomic) 

0 0 0 0 0 
0 ,_ N C") "'llf' '1> 

Stotal (wt.%) 
ONV<OCO 
c:i c:i c:) ci ci 

o1 3Ccalcite (%o) o13Corg (%o) 

o180calcite( %..) 

@m Lensoidal chalk 

~ Structureless marl 

Figure 2.24. Down-core variations in geochemical parameters of SM-LeC cycles, 
. between 823.37 m and 823.67 m 



CX> 
0 

Sample: BS-147 (lensoldal chalk) 

lj13C TOC = -26.86%0 

1;13C norhopane peak at 54' = -33.13%0 

l I I I l _1 ... . 11 ----• I I I I I I .I I ...._ 

- - - - - - :; ::: ::: :: ::: 

Figure 2.27. Gas chromatogram of lensoidal chalk sample BS-147 (42B-380A-51-1, 92.5-
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Figure 2.26. Gas chromatogram of saturate fraction from laminated chalk sample BS-131 
(42B-380A-51-2, 117-127 cm) 
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Figure 2.27. Gas chromatogram of laminated chalk sample BS-71-67-70 (42B-380A-52-
2, 14-22 cm) 
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Figure 2.29. Gas chromatogram of saturate fraction from lensoidal chalk sample BS-35-
34-33 (42B-380A-53-5, 38-41 cm) 



peaks in the samples of marl and sideritic mud could not be identified because 

of coeluting contaminants .. 

Hopanes are synthesized by various bacteria, including cyanobacteria, 

but hopanoids with carbon numbers less than 30 are also natural products of a 

few terrestrial plants, such as ferns (Schoell et al., 1992). Hopanes and 

hopanoid hydrocarbons are most abundant in sediments and petroleum 

compared to other compounds, principally because their precursors 

(bacteriohopanetetrol and diplopterol) are important cell components in living 

cells and are generally resistant to biodegradation during diagenesis (Kimble 

et al., 1974; Moldowan et al., 1991 ). Norhopanes and bisnorhopanes indicate 

hopanes with respectively, one and two methyl groups removed from the 

parent compound. 

The carbon isotopic values of the hopane peaks in the samples are 

spread over a wide range, between -27.6%0 and -31.3%0. Considering that the 

hopanes are depleted in 13C by 4 %0 relative to the primary photosynthate 

(e.g., Hayes et al., 1990), the calculated carbon isotopic values of the 

organism(s) which biosynthesized these organic compounds range between 

-23:6 %0 and -29.1 %0 (Table 2.6). Similar values have been reported as 

reflective of biosynthesis by an organism (s) such as methylotrophs or sulfur

oxidizing bacteria, that utilizes 13C-depleted substrates (Freeman et al., 1990; 

Schoell et al., 1992). However, as discussed below, the the isotopic signature 

of the organic molecules in the Black Sea sediments appears to indicate a 

carbon source tied dominantly to primary photosynthetic productivity rather 

than to biosynthesis by methylotrophs or sulfur-oxidizers. 
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. Table 2.6. Summary of isotope data and estimated values of o13CC02(aq) and Ep 

X(C02aq} = 0.009 

Temperature: 25°C 

Sample o13C ()13C 013C o13C 
o13C 

o13C 013C Ep bulk 
No. CaC03 ho pane organism TOC organism DIC C02(aq) 

CX> 
O'> 

BS-147 3.07 -33.13 -29.13 -26.86 +2.27 1.07 -7.47 19.9 

BS-131 2.82 -27.60 -23.60 -25.32 -1.72 0.82 -7.73 18.0 

BS-71 3.40 -31.32 -27.32 -24.75 +2.57 1.40 -7.86 18.0 

BS-35 3.75 -27.82 -23.82 -25.09 -1.27 1.75 -6.81 18.7 



Relative to the isotopic composition of of the precursor organisms which 

biosynthesized the hopanes, bulk organic carbon in these samples is either 

depleted or enriched in 13C by 2.6 %0 to 1.7 %0, with the 813C of the TOC 

ranging from -24.8 %0 to -26.9 %0 (Table 2.6). The gross correspondence in 

the 313C signatures of the primary photosynthate and the bulk organic carbon 

in the samples indicates a significant contribution of photosynthetic debris to 

the isotopic composition of total organic matter in the sediments. This is 

further corroborated by a calculation of the overall isotope effect associated 

with carbon fixation in the Plio-Pleistocene Black Sea aquatic system. 

It has been demonstrated that a significant linear relationship exists 

between Ep. the fractionation of carbon isotopes during photosynthetic fixation 

of C02, and C02(aq). the concentration of dissolved C02 (e.g., Hollander, 

1989; Rau et al., 1989; Hollander and McKenzie, 1991; Freeman and Hayes, 

1992). This relationship has been utilized to estimate the concentration of 

C02 dissolved in ancient marine systems, and in turn, the partial pressures of 

C02 in the atmospheres (Freeman and Hayes, 1992). Following the 

methodology outlined by Freeman and Hayes (1992), an attempt has been 

made below to estimate the concentration and carbon isotopic composition of 

dissolved C02 during the times of deposition of the chalk beds in the Black 

Sea basin. The relationship between these two variables has also been 

employed to determine the overall isotope effect associated with carbon 

fixation by primary photosynthate. 

It should be mentioned here that Ep has been shown to be dependent 

not only on the concentration of C02(aq). but also on physiological details of 

the organism, such as cell size and growth rate (e.g. Francois et al., 1993; 
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Laws et at., 1994), and environmental factors such as temperature (e.g., Rau 

et al., 1991 ). Although for modern environments and organisms, it is possible 

to interpret these controls on the isotopic fractionation during carbon fixation, 

in ancient sedimentary environments precise interpretation of the physiological 

characteristics is not feasible. However, considering the sutained levels of 

primary productivity and the high C02(aq) concentrations in the Black Sea 

during the times of deposition of the Chalk units (discussed below), it can 

reasonably be assumed that the influence of physiological details, if any, had 

remained fairly constant during this period. 

The isotope effect associated with carbon fixation by marine 

phytoplankton (£p) can be expressed as follows: 

(2.3) 

where Op is the carbon isotopic composition of dissolved C02, and 0p is the 

carbon isotopic composition of primary photosynthate (Freeman and Hayes, 

1992; Hayes, 1993). Because particulate organic carbon in an aquatic 

environment or bulk organic carbon in sediments is invariably ~ mixture of 

photosynthetic biomass, heterotrophic debris and detrital organic carbon, 

determination of~ is invariably a difficult proposition. However, in the present 

study, the carbon isotopic composition of bulk organic carbon in the Black Sea 

samples analyzed has been considered as approximating the isotopic 

composition of the primary photosynthate (op) on account of two observations: 

1) the gas chromatograms are largely dominated by a single peak 

corresponding to hopane, indicating negligible abundance of other organic 
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molecules, and 2) there is a fairly good correspondence between the isotopic 

composition of TOC and hopane, in nearly all the samples analyzed. 

The carbon isotopic composition of C02(aq) has been determined using 

the following expression: 

o13C co2(aq) =[Bore - (XHC03- x 1000 x <lb/a)+ (XHC03- x 1000) -

(Xco3
2- x 1 ooo x ac1a) + (Xco3

2- x 1000)] I [Xco2(aq) + (XHco3- x <Xb1a)+ 

(Xco3
2- x <le/a)] (2.4) 

where XHco3-, Xco32-, and Xco2(aq) represent the mole fractions of the 

carbonate species, and <Xbta and <le/a are respectively, the equilibrium isotope 

fraction factors between HC03--C02(g) and C032--C02(g)· 

The distribution of carbon among different carbonate species has been 

obtained form the thermodynamic model developed in the course of this 

research to explore the possibility of water-column precipitation of siderites in 

the Black Sea basin during Plio-Pleistocene times (Chapter 3). In this model, 

assuming that the average composition of the present-day Satilla drainage of 

the southeastern United States as approximating the composition of the 

waters that fed the Neogene Black Sea, and allowing this water to evaporate 

isothermally at 25°C in equilibrium with atmospheric C02, the aqueous 

concentrations corresponding to various evaporative concentrations have 

been calculated. The calculations show that evaporation of this water to 

roughly 1 /55 of its original volume can result in precipitation of the calcium 

carbonate phase. The concentrations of HCOJ-(aq). C032-(aq) and C02(aq) 

corresponding to this evaporative stage of the waters have been assumed to 
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represent the carbon distribution among different carbonate species during the 

times of chalk deposition. 

The isotopic fractionation factors between HC03-C02(g) and C032-_ 

C02(g) have been calculated for a temperature of 2s·c. using the relationships 

given by Mook et al., (1974) and Deines et al., (1974). Values of 001c have 

been determined for the different samples considering S13Corc = S13Ccalcite-

2%o (Morse and Mackenzie, 1990). 

The results of the calculations are given in Table 2.6. The isotopic 

composition of dissolved C02 ranges betwen -7°/oo and -8°/oo. The overall 

isotopic effect associated with carbon fixation (£p) under the assumed 

conditions is 18.9±1 %0. This value corresponds fairly well to the estimated 

fractionation of 17.7±4.9%o for RUBISCO of cyanobacteria, based on 

measurements of isotopic composition on cells grown in vivo at high Pco2 

(see Raven and Johnston, 1991 ). Considering the various assumptions 

involved in the calculations, the corresponden.ce between the isotope effects 

associated with carbon fixation by primary photosynthates and the £p values 

obtained, supports the possibility that the carbon isotope signature of the 

organic molecules in the Black Sea chalks are largely reflective of a carbon 

source related to primary productivity. 
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Discussion 

Formation of rhythmic marl-chalk couplets 

As stressed at the beginning of this chapter, several processes such as 

variations in biological productivity with consequent changes in the rate of 

accumulation of the carbonate sediments, changes in detrital flux and 

composition, water chemistry, and diagenetic effects, h~ve been proposed to 

explain cyclicities in the sedimentary record. In this section, each of these 

processes is examined to evaluate its importance in modulating the observed 

subtle geochemical variations in the carbonate cycles of the Black Sea. The 

results are then integrated into a paleoenvironmental history of the 

development of the Black Sea basin during the deposition of these sequences. 

In the absence of precise age controls and data on the mass physical 

properties of the sediments, accumulation rates of the various sediment 

fractions have not been determined. However, lack of such data does not 

seriously hamper the development of a plausible sequence of events. 

Diagenesis as a possible primary cause of rhythmicity 

It has been suggested that certain physico-chemical conditions such as 

differential compaction and resultant dissolution/cementation of an initially 

homogeneous low-carbonate sediment can lead to a rhythmic unmixing of the 

CaC03. This, in turn, can cause lithologic alterations and consequent 

secondary layering of alternating carbonate-rich and carbonate-poor 

sediments (e.g., Hallam, 1964, 1986; Walther, 1982; Beiersdorf and Knitter, 

1986; Einsele et al., 1991 ). Several lines of evidence in the marl-chalk 
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couplets of the Black Sea, however, discount such a possibility for the 

observed cyclicity in the carbonate sequences. The presence of intense 

bioturbation at the contacts between the marls and the chalks is a clear 

indication of the primary origin of the carbonate beds. The overall 

geochemical correspondence among the different variants of the cycles in the 

Lower Chalk unit also indicate that the variations are more the result of 

changes in the intensity of bioturbation, rather than due to carbonate unmixing. 

The observed regular variations in carbon isotopic composition of the bulk 

carbonate fraction across the couplets also argues against this possibility. 

Diagenetic processes other than compaction-related distribution of 

carbonates can also lead to rhythmicities or enhance a preexisting rhythm 

(Berger, 1968; Dean et al., 1977; Arthur. et al., 1984; Ricken, 1986; Curtis, 

1987; Raiswell, 1987, 1988; Morse and Mackenzie, 1990; Van Os et al., 

1994;). As a primary process in the development of rhythmic or cyclic 

sequences, varying rates of carbonate dissolution, and varying rates of 

carbonate precipitation related to microbially mediated degradation of organic 

matter, are by far the most important. Both these processes can be effective 

either during deposition of a sediment or early in its diagenetic history (Arthur 
. . 

and Dean, 1991 ). In the next section, the importance of these processes as 

primary causes of the Black Sea rhythmicity are examined. 

Dissolution effects 

Evidence for dissolution in the marl-chalk cycles comes from the 

presence of corroded features in the calcite grains and the dissolution textures 

observed in the diatom tests. Periodic and simultaneous dissolution of 
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carbonates is most significant in the corrosive marine environment within the 

lysocline and below the CCD (Morse and Mackenzie, 1990). At these sites, 

and in the lacustrine realm, availability of reactive (labile) organic matter 

exercises a dominant control on dissolution of primary carbonates raining 

down into the sediments from the surficial water column. Degradation of 

organic matter at the sediment-water interface or in the pore waters, by the 

available oxidant liberating the most molar free energy, can lead to either the 

destabilization of carbonates or generation of potentially mineralizing solutes 

(Irwin et al., 1977; Wollast and Mackenzie, 1977; Coleman, 1985, 1986; 

Curtis, 1987). The reactions of importance in lacustrine environments with low 

concentrations of dissolved sulfate, are as follows (Morse and Mackenzie, 

1990): 

Oxic respiration: 

CH20 + 02 ~ C02 + H20 ~ H2C03 (2.5) 

Sulfate reduction: 

CH20 + SQ42- ~ 2HC03- + H+ + HS- ~ 2HC03- + H2S (2.6) 

Methanogenesis: 

2CH20 ~ C02 + CH4 (2. 7) 

The net effect of organic matter degradation by oxic respiration, and in 

the zone of methanogenesis would be carbonate dissolution following the 

reaction (Emerson and Archer, 1990): 
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(2.8) 

Reaction (2.8) is relevant only where pore waters are undersaturated 

with respect to a carbonate phase, and where no other reactions occur, which 

could potentially increase the saturation state of the water (Morse and 

Mackenzie, 1990). In the zone of sulfate reduction, a decrease of pH with 

resultant carbonate dissolution, is possible only during the early stages of 

organic matter degradation (Morse and Mackenzie, 1990). Pervasive sulfate 

reduction, however, will induce carbonate precipitation rather than its 

dissolution (Curtis, 1987; Berner, 1980; Morse and Mackenzie, 1990). 

Carbonate precipitation in the microbial zones of organic matter degradation is 

discussed further below. 

Although carbonate rhythmicity due to dissolution effects has been 

extensively documented (e.g. Diester-Haass, 1975; Gardner, 1975; Dean et 

al., 1981; Keller, 1980), a simple calculation would demonstrate that this 

possibility can be discounted as the primary process responsible for the Black 

Sea cycles. The mean values of weight percent calcium carbonate observed 

in the marl-chalk cycles of the Lower chalk unit are respectively, 40% and 

70%. If it is assumed that 1) the maximum value represents the initial 

carbonate content in the sediments deposited in the basin, 2) this 

concentration remained roughly the same at least through the times of 

deposition of a rhythmic couplet, and 3) the terrigenous flux has remained 

constant, then the amount of CaC03 that would have to be dissolved to obtain 

the minimum value can be calculated using the expression: 
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CaC03 lost by dissolution(%)= [ 1-( ~~ )] x [ 
1~~ J (2.9) 

where Ni and Nt are the initial and final non-carbonate fractions, and Ci is the 

initial carbonate fraction (Berger, 1971; Dean et al., 1981) 

Calculation using the above expression shows that if dissolution effects 

were the only cause for the development of rhythmicity in the Lower Chalk 

cycles, to produce a marl bed with 40% CaC03 from a carbonate bed 

containing 70% CaC03, over 70% of the initial carbonate must be dissolved. 

The same value is obtained using the mean values of carbonate contents 

(60% and 30%) in the cycles of the Upper chalk as well. Substantially higher 

amounts of CaC03 will have to be dissolved to produce marl beds with lower 

carbonate contents. 

The observed differences in thickness between the marls and chalks 

also argue against dissolution effects as a pril'Tlary driving mechanism for the 

cyclicity. Increasing dissolution can be expected to cause a thinning of the 

marl beds relative to the chalks (Einsele and Ricken, 1991 ; Fig. 2.30). For the 

above illustrated case, periodic dissolution of a homogeneous carbonate bed 

containing 70% CaC03 would produce a marl bed which is only half as thick 

as the intervening (dissolution-free) chalk. Although in the Upper Chalk unit, 

the consistently high thickness ratio of chalk:marl may invoke dissolution 

effects as the principal cause of the observed rhythmicity, the systematic 

variations in geochemical parameters, especially the characteristic increases 

in B13C of the carbonate fraction across the marl-chalk couplets, argue against 

such a possibility. Furthermore, SEM studies do not indicate any advanced 
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Figure 2.30. Model for the development of Black Sea marl-chalk 
cycles from a homogeneous carbonate sediment by periodic dissolution 
of primary carbonates. Model based on Einsele and Ricken (1991 ). 
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dissolution effects in the calcite grains of the marl beds, relative to the 

overlying chalks (c.f. Hsu and Kelts, 1978; Staffers and MOiier, 1978). In the 

Lower Chalk cycles, the marl beds are nearly twice as thick as the overlying 

chalks; based on the thickness considerations alone, dissolution as a primary 

cause of rhythmicity can be discounted for the beds of this unit. 

Authigenic carbonate precipitation 

As noted earlier, organic matter degradation by extensive sulfate 

reduction can favor carbonate precipitation, rather than its dissolution. 

Similarly, in the sulfate reduction zone, the reaction involving simultaneous 

reduction of ferric iron and sulfate, resulting in the formation of pyrite, can also 

produce alkalinity and raise the pH, leading to carbonate precipitation. The 

overall reaction may be represented as follows (Morse and Mackenzie, 1990; 

also see equation 2.2): 

Availability of Fe (Ill) can also influence carbonate mineral authigenesis 

in the zone of microbial methanogenesis. Reactions· involving iron reduction 

alone, or both iron reduction and organic matter degradation can dramatically 

increase the pore water pH and produce alkalinity, favoring the precipitation of 

siderite and other carbonates (Lippman, 1973; Curtis, 1987). Similarly, even 

in the absence of iron, alkalinity production due to the build-up of HC03·, 

according to equation 2.7, can be expected to slow down dissolution, and 

ultimately increase the saturation state of the pore waters with respect to 
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carbonates. This process can be very effective in "closed" systems, where 

high sedimentation rates limit the effectiveness of HC03- diffusion out of the 

system. Anaerobic oxidation of methane diffusing up into the sulfate reduction 

zone has also been demonstrated to be capable of producing alkalinity and 

resulting in the formation of carbonate precipitates near the base of the sulfate 

reduction zone (Murray et al., 1978; Raiswell, 1988). This reaction can be 

expressed as: 

(2.11) 

The presence of concentrations of framboidal pyrite in several of the 

marl-chalk couplets is undoubtedly indicative of degradation of organic matter 

in these lithologies by the sulfate reduction pathway. However, whether the 

carbonates of the rhythmicities have been precipitated in this zone is a moot 

point. The presence of well preserved burrows at the contacts of the couplets 

indicate the two lithologies are a result of primary processes of sedimentation, 

and have not been deposited under different stag_es of diagenetic alteration. 

Such bioturbation features are characteristic of even the SM-LC contacts. The 

organic carbon-sulfur ratios of the chalk cycles also point to a fresh water 

depositional environment, with pyrite formation limited by the availability of 

dissolved sulfate in the pore waters. In such an environment, it is highly 

unlikely that sulfate reduction by organic matter decomposition can produce 

the observed concentrations of carbonates in the sediments. Furthermore, if 

the carbonate production were sustained only by sulfate reduction and the 

availability of reactive iron, then the chalks should have relatively higher 
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contents of pyrite than the basal marls. However, no significant variations are 

seen in the pyrite contents of the marls and chalks. 

A question to be asked here concerns the possibility of early diagenetic 

carbonate precipitation having enhanced the primary differences in carbonate 

contents in the bedding cycles. Arthur (1977) demonstrated that carbonate

rich beds can be enriched in CaC03 during early diagenesis, at the expense 

of marly intervals. This possibility is examined below in the context of the 

carbon and oxygen isotope signatures of the couplets. 

As discussed earlier, HC03- for carbonate precipitation in the sulfate 

reduction zone is derived from the oxidation of organic matter. Therefore, the 

isotopic values of the precipitated carbonates can be expected to retain the 

characteristic isotopic composition of organic matter (-35%o <o13C < -14%0, 

Descolas-Gros and Fontugne, 1990). However, the extent of ()13C decrease 

in the precipitated carbonates is also a function of the intensity of sulfate 

reduction. During the initial stages, the pore water at the sediment-water 

interface will have values closer to that of the DIC. In organic-poor sediments 

marked by low sedimentation rates, no major changes in the ()13C of the pore 

waters occur. Only in more organic-rich sediments characterized by pervasive 

sulfate reduction and production of reduced nitrogen compounds and metal 

sulfides, can the original ()13C signal of the pore waters be expected to be 

modified drastically (Anderson and Arthur, 1978). However, most Ca2+ 

removal for carbonate precipitation from the pore waters occurs near the base 

of the sulfate reduction zone, where the values approach that of the organic 

phase (Raiswell, 1987). The ()13C signature of the dissolving carbonates can 

also be expected to modify the isotopic composition of the pore waters. 
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The distinctly positive carbon isotope signature of the carbonate fraction 

(o13C ranging from +23o to +4%0; Fig. 2.14) raises the possibility of carbonate 

precipitation having occurred early in the zone of microbial methanogenesis. 

Because of the extremely large fractionation associated with bacterial 

methanogenesis (cxcC02-CH4 ranging between 1.04 and 1.06 in freshwater 

sediments, Whiticar et al., 1986), the C02 produced during methanogenesis 

reaction (equation 2. 7) is heavy, of the order of + 15%0. However, like in the 

sulfate reduction zone, the carbonates precipitated in the methanogenesis 

zone can have a wide range of o13C values, depending on the intensity of 

methanogenesis. (ca. -22°k to +20%o). For instance, mixing in the pore 

waters, of the 13C-enriched CD2 from methanogenesis and the 13C-depleted 

C02 produced during sulfate reduction, can affect the carbon isotopic 

composition of authigenic carbonate precipitates, yielding low, positive B13C 

values (c. f. Mozley, 1990). 

Although the values of o13Ccalcite in the marl-chalk couplets could be 

reflective of carbonate precipitation in the methanogenesis zone, in view of the 

evidence presented earlier, it is unlikely that authigenic carbonate· precipitation 

is the primary cause of the observed cyclicity in the sequence. However, can 

potential diagenetic overprinting be ruled out? Considering the absence of 

any calcitic overgrowths·on the diatom assemblages and the characteristic 

lack of concretionary structures in the sediments, dissolution/recrystallization 

processes during burial diagenesis appear to be insignificant. This is further 

supported by the oxygen isotopic composition of the carbonate fraction. 

Diagenetic processes have been shown to modify the 31so signature of 

carbonate precipitates. For instance, with increasing burial, silica diagenesis 
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and alteration of volcanic materials in the sediments can decrease the o18Q of 

pore waters, and that of the carbonate cements (Arthur and Dean 1991, and 

references therein). Depletion in 1so can also be brought about during 

organic matter degradation reactions in the sulfate reduction zone (e.g. Sass 

et al., 1991 ). The marl-chalk couplets in the Black Sea are characterized by 

two distinct trends - either a covariant increase in CaC03 and o18Q values, or 

a decrease in o18Q values with increasing carbonate contents (Figs. 2.20 

through 2.24). Considering the similarities in mineralogical and other 

geochemical characteristics among the different cycles, it is difficult to 

conceive of a situation wherein only some cycles developed as a 

consequence of variations in diagenetic carbonate precipitation, while other 

similar cycles above and below, could have developed by some other process: 

If, however, diagenesis has only emphasized the initial carbonate differences 

between the couplets, .then the original amplitude of o18Q fluctuations, if any, 

must have been reduced. The measured ~o18Q between the couplets ranges 

from 0.2%o to nearly 2.0%o. A larger, initial difference in the o18Q values 

between the marls and chalks does not appear possible, because this would 

necessitate major changes in either the oxygen isotopic composition of water 

during the times of development of these lithologies, or drastically fluctuating 

temperatures. This aspect is discussed in detail below. 

Summarizing the above observations, it can be concluded that the marl

chalk couplets in the Chalk units do not represent deposition under different 

stages of diagenetic alterations. The presence of bioturbation features, 

thickness considerations, the characteristic nature of the calcite grains, and 

the geochemical data support this conclusion. Diagenetic overprinting by 
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dissolution/re precipitation of calcites does not appear to have caused 

important changes, either in the nature of the rhythmicity, or in the isotopic 

signatures of the carbonate fraction. 

Variations In terrlgenous flux as a primary cause of rhythmlclty 

Periodic dilution of a homogeneous carbonate sequence by variable 

terrigenous flux rates has been suggested to be a major process in controlling 

the development of rhythmic alternations of carbonate-rich and carbonate-poor 

beds. Availability of terrigenous material for transportation into a depositional 

basin is primarily modulated by climate-induced variations in erosion and 

runoff at the sediment source. Therefore, terrigenous dilution cycles can be 

quite important in environments marked by periodic climate-related oscillations 

in the flux rates, as for instance, in the outer shelf, epicontinental seas, 

estuarine and lacustrine systems (c.f. Dean and Gardner, 1986; Einsele and 

Ricken 1991 ). If the principal source area of terrigenous material to a 

depositional basin is a near-by carbonate terrain, variations in the amount of 

detrital carbonates supplied to a basin can, by itself result in a primary cyclicity 

marked by variations in carbonate content. However, such carbonate-based 

primary rhythmic occurrences tend to be quite insignificant relative to 

terrigenous flux-modulated dilution cycles in a biogenic or chemical carbonate 

depositional environment. 

Development of primary cyclicity by periodic dilution of a system 

marked by a steady state carbonate production can be best illustrated by a 

simple mathematical model. The average CaC03 content of the chalk beds of 

the Black Sea sequences is about 70%, the rest being composed of 
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siliciclastics and organic debris. Considering this carbonate content as the 

constant background value of primary carbonate production in a depositional 

basin, periodic fluctuations in terrigenous flux rates are assumed to dilute the 

carbonate sediment deposition by factors of 2X, 3X, 3.SX and 4X over the 

normal rates (Fig. 2.31 ). Dissolution and diagenetic effects are also assumed 

to be insignificant. Under such conditions, it can be seen that beds with lower 

carbonate contents represent periods of increased terrigenous input, whereas 

under "normal" conditions of carbonate production and low terrigenous fluxes, 

carbonate-rich beds develop. Thus, for instance, in the above example, by 

merely doubling the terrigenous flux rates into the basin, a marl bed containing 

less than 50% CaC03 can be generated. To produce a marl bed with 40% 

CaC03, which is the average carbonate content in the Black Sea marls, the 

terrigenous input has to be increased by a factor of 3. Because higher flux 

rates mean a higher sedimentation rate, increasing terrigenous flux rates will 

also lead to a progressive increase in the thickness of the consequent marl 

beds. Thus, corresponding to an increase in the terrigenous input by a factor 

of 3X, the marl bed generated will be nearly twice as thick as the chalk bed. 

Considering the fact that the Black Sea marl beds in the Lower Chalk 

unit is nearly twice as thick as the overlying chalks (Table 2.1 ), the 

rhythmicities observed appear to be a straight-forward example of dilution 

cycles. However, geochemical signatures in the sediments argue against 

fluctuations in terrigenous flux rates as the sole process responsible for 

promoting the couplets. If terrigenous dilution by itself had caused rhythmic 

variations of marl-chalk in the Chalk sequences, this would mean that primary 

carbonate production in the basin had been significantly high through time. In 
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Figure 2.31. Model for the development of Black Sea marl-chalk 
cycles from a homogeneous carbonate sediment by· variations in 
terrigenous flux. Model based on Einsele and Ricken (1991 ). 
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other words, the chalk beds in each of the cycles would represent the normal 

background values of carbonate production in the basin, while the marl beds 

would correspond to times of higher terrigenous flux. However, systematic 

variations in the isotopic composition of the carbonate fraction, from the basal 

marl to the overlying chalk, in all the couplets point to periodic fluctuations in 

the intensities of primary productivity as well (discussed below). Therefore, 

the observed rhythmicities in the basin could be a resultant of two major 

processes - variations in productivity as well as terrigenous input. This aspect 

is discussed further below, in the context of the isotopic composition of the 

rhythmites. 

Biological productivity as a primary cause of rhythmicity 

Primary carbonate precipitation in the lacustrine environment 

Biogenically-induced precipitation of calcium carbonate occurs regularly 

in eutrophic, Ca-rich lakes during the times of active photosynthetic C02-

fixation in the photic zone. The reaction may be schematically represented as 

follows: 

Photosynthesis: C02 + H20 --t CH20 + 02 

Carbonate Precipitation: Ca2+ + 2HCOJ- --t CaC03 + C02 + H20 

Net reaction: (2.12) 

where CH20 is an idealized biomass (Hanselmann, 1986; Morse and 

Mackenzie, 1990). Reduction of the C02 to the oxidation state of the biomass 
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without an equivalent reduction in alkalinity, results in an increase in carbonate 

ion concentration and the precipitation of calcite. The precipitated calcite 

crystals rapidly reach the sediments, where they are subjected to 

environments characterized by bacterial mineralization reactions. Saturation 

with respect to CaC03 can also be achieved through degassing of C02 to the 

atmosphere, but this process is relatively very slow (Eugster and Kelts, 1983). 

In many temperate lakes, biologically-induced calcite precipitation 

occurs in the surface waters according to a definite cycle, related to seasonal 

spring and summer phytoplankton blooms (e.g., Kelts and Hsu, 1978; Eugster 

and Kelts, 1983; McKenzie, 1985; Weidemann et al., 1985; Hollander, 1989). 

The combination of phytoplankton productivity, bio-induced calcite 

precipitation, and the development of thermal and oxygen gradients in the 

water column during an annual lake cycle, is represented in the sediments as 

a varved couplet of light and dark colored layers ("non-glacial varves"; 

Bradley, 1929). The lighter lamina of the couplet is calcite-rich, resulting from 

carbonate production during late summer and spring in response to algal 

blooms, whereas the darker lamina represents the autumn though· spring 

deposit consisting chiefly of organic debris, clays, and some calcite. Settling 

processes, dissolution reactions, variations in circulation patterns, and elastic 

influx rates can significantly modify this ideal, annual lacustrine signature in 

sediments (Kelts and Hsu, 1978). Furthermore, in some lakes, such varved 

couplets may merely be seasonal deposits, rather than reflecting an annual 

pattern (Eugster and Kelts, 1983). 
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Stable isotopes and biological productivity 

Carbon isotopic composition of primary carbonates-The significance 

of the photosynthesis-respiration cycle in modulating the isotopic composition 

of the DIC reservoir and the o13C values of carbonate precipitates has been 

demonstrated for several modern and ancient lakes (e.g. Stuiver, 1970; Stiller 

and Hutchinson, 1980; McKenzie, 1985; Hollander, 1989; Schelske and 

Hodell, 1991 ). The o13C of carbon in lacustrine carbon~tes is primarily 

dependent on the isotopic composition of surface water dissolved inorganic 

carbon (DIC) and, to a lesser extent, on temperature; the former is a complex 

function of several equilibrium and kinetic fractionation reactions associated 

with photosynthesis/respiration cycles, exchange rates with atmospheric C02 

and the composition of the water source (Stiller and Hutchinson, 1980). 

During photosynthesis, phytoplankton populations preferentially incorporate 

the isotopically light carbon isotope 12c, causing the DIC surface-water 

reservoir to become enriched in 13C. The respiration process oxidizes the 

sinking organic matter, thereby releasing 12C-enriched DIC into the deeper 

waters. This isotopic transfer of 12c from the surface to the deeper waters 

results in a DIC -isotopic gradient in the water. Because primary lacustrine 

carbonates form in the surface waters in apparent isotopic equilibrium with the 

DIC, their carbon isotopic composition should reflect the isotopic composition 

of the surface-water reservoir. Thus, as the 13C content of surface water DIC 

increases during periods of phytoplankton blooms, the o13C of the precipitated 

carbonate increases correspondingly (Stuiver, 1970; McKenzie, 1985; 

Hollander, 1989). This effect may be amplified in stratified water systems 

where recycling of the 13C depleted organic matter is inhibited (McKenzie, 
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1985). For instance, studies of annual productivity cycles in the water column 

of Lake Greifen (Switzerland) indicate that during the spring-summer months 

of enhanced productivity, the o13C of the surface water DIC and the calcite 

precipitates increase by up to 2.5%o over the corresponding values for the 

previous winter (Hollander, 1989). 

Oxygen isotopic composition of primary carbonates -The oxygen 

isotopic composition of a lacustrine water body is dependent on the isotopic 

composition of the inflow, temperature, the hydrological balance of the basin, 

relative humidity, and the residence time of water (Anderson and Arthur, 1983; 

Welhan, 1987). The isotopic composition of the inflow itself is modulated by 

factors that affect the composition of atmospheric precipitation at a locality 

(both short-term and long-term climatic variations, and temperature and 

intensity of precipitation), and the variations in the isotopic composition of the 

river and groundwater feeding the water body. Because primary carbonates 

precipitated in isotopic equilibrium will reflect the isotopic composition of the 

lake water, the oxygen isotopic variations in lacustrine carbonate sequences 

can provide a record of isotopic compositional variations of the aqueous 

reservoir (c.f. Stuiver, 1970; Hollander and McKenzie·, 1993). 

The oxygen isotopic composition of primary carbonates is, however, 

dependent not only on the isotopic composition of the water from which they 

precipitated, but also on the temperature at the time of precipitation. The 

1801160 ratio of carbonate, precipitating in isotopic equilibrium with water, 

decreases roughly 0.2°k, per ·c increase in temperature (Epstein et al., 1953; 

Stuiver, 1970). In other words, for a constant oxygen isotopic composition for 
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the water mass, the primary carbonate precipitates should become depleted or 

enriched in 1ao as warmer and colder periods succeed each other, 

respectively (Stiller and Hutchinson, 1980). However, in a closed or semi

closed aquatic body, increased temperature can also result in increased 

evaporation, and increased isotopic exchange between atmospheric water 

vapor and the lake surface. This can result in a higher 1 SQ/16() ratio for the 

water (Welhan, 1987). Such changes in o18Q of the water are often larger 

than can be accommodated by changes in precipitation temperature. 

Furthermore, in a lacustrine environment, changes in ambient temperatures 

will also significantly affect the isotopic composition of precipitation, and 

consequently the composition of the inflow. Thus, interpretations based on the 

oxygen isotopic composition of a lacustrine sequence are not always straight 

forward. 

Short spells of very high productivity may result in an enhanced 

supersaturation of the surface water masses with respect to calcite. Such 

conditions may trigger precipitation of calcites, not in isotopic equilibrium with 

the environment. Recently, based on oxygen isotope studies of modern 

sediments in Lake Arreso, Denmark, Fronval and others (1995) have 

demonstrated such disequilibrium precipitation of calcites in this lake. Their 

studies indicate that the non-attainment of equilibrium is probably related to an 

unexplained kinetic fractionation effect associated with the higher rates of 

calcite precipitation brought about by enhanced primary productivity. 
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Isotopic signatures in the Black Sea marl-chalk rhythmites and causes of 

cycliclty 

The isotopic compositional variations in the Black Sea marl-chalk 

rhythmites provide insight into their origin and the hydrological evolution of the 

basin during their deposition. As discussed earlier, petrographic evidence and 

geochemical considerations largely discount a diagenetic origin for the 

calcites. Periodic dissolution of carbonates was also ruled out, at least for the 

Lower Chalk cycles, based on thickness considerations. Furthermore, 

because the calcite grains in the cycles are definitely not detrital, these 

carbonate phases signify productivity-linked abiotic precipitation from the 

surface waters. The geochemistry and isotopic signature of carbonate in the 

cycles also substantiate this possibility; covariant increases in carbonate and 

organic carbon contents from basal marls to overlying chalks in all the 

couplets are invariably associated with corresponding increases in the o13C 

values of the carbonate fraction (Figs. 2.13, and 2.19 through 2.23). Up

section mean values of ~o13Ccalcite in the couplets range from 0.5%o in SM-

LeC cycles to 1.0%o in SM-SC cycles of the Upper Chalk unit. Such increases 

thus appear to reflect systematic variations in the primary productivity signal 

and the production of biologically-induced calcite production. However, as 

explained below, it is difficult to interpret the larger-scale, decimeter-thick 

bedding cycles in the Black Sea Chalk units as merely reflecting such 

seasonal variations. A simple model, discussed below, shows that primary 

productivity variations by themselves, could not have produced the bedding 

cycles in the Black Sea. 
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The marl-chalk couplets in the Lower Chalk unit have average 

carbonate contents of around 40 % and 70 %, respectively. In the simplest 

case, it is assumed that a certain volume of a homogeneous marly sediment 

deposited in the basin contains 40 % abiotically precipitated carbonate 

minerals, the rest being made up of siliciclastics and organic debris. 

Assuming a constant terrigenous flux and negligible dissolution effects, 

periodic episodes of enhanced productivity are considered to increase 

carbonate precipitation by factors of 2X, 3X, 3.5X and 4X, over the normal 

rates (Fig. 2.32). As can be seen, in a productivity-alone scenario, to generate 

a chalk bed with 70% CaC03, the carbonate production has to increase by at 

least 3.5 times over the normal background value of 40%. Periodically 

increasing carbonate production as considered here will also result in a 

progressive increase in the thickness of the chalk beds. For example, 

corresponding to a production factor of 3.5, the thickness of a newly formed 

chalk bed will be double that of the marl containing only 40% CaC03 (Fig. 

2.32). Thus, even for an already high background value of carbonate 

production (40% CaC03 in this example), enhanced productivity phases will 

res\Jlt in thicker beds of chalks alternating with thinner marly interbeds .. 

Smaller carbonate production factors than considered here can also produce 

equivalent variations in carbonate contents across a couplet, provided the 

initial differences in carbonate concentration are enhanced by post

depositional compaction and early diagenetic dissolution/precipitation 

reactions. However, these processes will also enhance the thickness of the 

chalks, at the expense of the marls (c.f. Arthur, 1977). Thus, the low 

chalk:marl thickness ratios of 0.5-0.7 in most of the Black Sea sequences 
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primary productivity. Model based on Einsele and Ricken (1991) 
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(Table 2.1) argue against primary productivity variations as the sole process in 

promoting the development of the observed rhythmicity. 

The above calculations also stress the importance of variations in 

terrigenous flux in modulating the development of primary couplet rhythmicity. 

The relatively small differences in the carbonate-carbon isotopic values 

between the marls and the chalks (mean ~o13C ranging between 0.5%o and 

0.8%o in the different cyclic variants) indicate that primary productivity 

variations during these times were not high. Therefore, the development of 

thinner interbeds of carbonate-rich chalk in a dominantly marly sequence 

requires that during the deposition of the chalk beds, terrigenous flux into the 

basin had to wane, compared to the times of marl deposition. Such variations 

in terrigenous flux signify a climatic control. In the following section, the 

geochemical signatures preserved in the couplets are examined to assess the 

role of climate in promoting the development of various types of rhythmites in 

the Black Sea Chalk sequences. Available information on pollen and diatom 

assemblages in the couplets, and paleoclimatic records of the Black Sea 

hinterland are also utilized to corroborate the inferences made from isotope 

data. 

Paleoclimatlc signals In the Black Sea rhythmites 

Structureless marl-structureless chalk (SM-SC) cycles of the Upper Chalk unit 

With few exceptions, the SM-SC cycles in the Upper Chalk unit show 

an up-section enrichment in 18Q across the marl-chalk couplets (Figs. 2.20, 

2.21 ). The magnitude of increase ranges from 0.2%o to 1.9'Yoo. Such increases 
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in 18Q/16Q are characteristic of closed basin aquatic systems with extremely 

long residence times, where the oxygen isotopic compositions of the water 

mass is controlled primarily by evaporation/precipitation ratios, and to some 

extent by temperature (Stuiver, 1970; Talbot and Kelts, 1990; Leyden et al., 

1993). A high rate of evaporation and/or low ambient temperatures would be 

reflected in an enrichment in 18Q of the primary calcite. A comparison of the 

oxygen isotope data with the pollen records from the Upper Chalk bedding 

cycles indicate that periodic fluctuations in the water balance of the Black Sea 

have possibly contributed to the observed increases in ~18Q across the 

couplets. This aspect is discussed below. 

Pollen records preserved in the Black Sea sediment cores indicate that 

the Upper Chalk unit was deposited during a largely cold phase in the early 

Pleistocene (Traverse, 1978; Hsu and Kelts, 1978). Furthermore, in the Upper 

Chalk rhythmites themselves, steppe pollen (reflecting cooler and more arid 

climatic conditions) are dominant in the chalk beds, whereas forest pollen 

(indicative of relatively warmer and more humid climate) dominates the basal 

marls (Hsu and Kelts, 1978). Such alternating climatic extremes would have 

impacted the hydrologic balance of the Black Sea, and consequently the 

isotopic evolution of the waters. An increase in intensity of evaporation during 

the more arid times of deposition of the chalk half-couplets would explain the 

positive shift in oxygen isotopic composition across the couplets. Lower 

evaporation/precipitation ratios and increased runoff must have characterized 

the warm, humid climatic conditions during marl deposition. 
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Structureless marl-structureless chalk (SM-SC) cycles of the Lower Chalk unit 

In contrast to the Upper Chalk cycles, the Lower Chalk sequences were 

deposited during a warm, preglacial epoch (Hsu and Kelts, 1978). While this 

might explain the increased presence of laminated carbonate sequences in 

this unit as well as towards the base of the Upper Chalks (discussed further 

below), the periodic occurrence of structureless marl and chalk beds in the 

Lower Chalk unit calls for an explanation. Compared to the structureless 

cycles of the Upper Chalk unit, the Lower Chalk SM-SC cycles are 

characterized by relatively higher Corg contents. The thickness of marl beds 

are also significantly higher, which is consistent with the possibility of higher 

terrigenous input into the basin during warm, humid climatic conditions (Table 

2.1 ). A relatively lower flux of terrigenous material plus an increased primary 

carbonate production might have enhanced the chalk beds in these cycles. 

Unlike in the SM-SC cycles of the Upper Chalk unit, information on subtle 

climatic changes are scanty in the pollen record of the Lower Chalk 

sequences. However, oxygen isotopic composition and the available 

information on diatom assemblages preserved in the SM-SC cycles provide 

good constraints on the role of climate in the development of these rhythmites. 

as discussed below. 

The oxygen isotopic composition of the SM-SC cycles in the Lower 

Chalk unit is characteristically different from that of the other cycles. Mean 

values of a1ao are around -3.4%o, compared to values of about -4.5%o to -5'Yoo, 

in the laminated and lensoidal cycles. This observation implies that during the 

deposition of SM-SC cycles, either the intensity of evaporation was higher, or 

that the mean temperature was lower, compared to other times. 
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The presence of brackish water diatoms at discrete intervals in the 

Black Sea core has been suggested by Schrader (1978, 1979) to be indicative 

of brief episodes of marine spills through the Bosporus Straits into the basin. 

With a marine spill, anoxic conditions can be expected to become established 

in the basin, much as they are today, in a matter of a few years, although eddy 

diffusion may have reoxygenated the waters relatively quickly (c.f. Degens and 

Stoffers, 1980). Development of a permanent halocline depends on the 

duration of the spill. Calculations utilizing the temperatures, relative humidity, 

hydrographic budget and the oxygen isotopic composition of the present-day 

Black Sea waters indicate that consequent on an input of Mediterranean 

waters into the Black Sea, the oxygen isotopic composition of the surface 

waters can be significantly altered in approximately 1 O years, depending on 

the amount of influx (Swart, 1991 ). However, for attainment of steady-state 

conditions, considerably longer times, of about 1000 years are required. 

These observations lead to the possibility that .the enrichment in 18Q of the 

SM-SC cycles of the Lower Chalks could be related to an increased salinity. 

But it is arguable whether the higher salinity was a consequence of: (1) 

Meeiiterranean waters spilling into the Black Sea, or (2) simple evaporative 

concentration of the Black Sea waters, as discussed below. 

Of the five brackish water horizons identified in the Lower Chalk unit, 

three correspond to intervals marked by structureless chalks or marls (Fig. 

2.3). The "spill" delineated at a depth of 779 m marks the transition from 

laminated chalk cycles below to a transitional unit marked by alternating SM

SC and diatomaceous marl-clay beds. At a depth of 784 m, the spill marker 

occurs in a structureless marl bed, while the third salinization episode is 
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placed near the middle of a 1.20 m thick sequence marked by 14 alternating 

SM-SC cycles. The presence of laminated sequences immediately above the 

brackish horizons cannot be invoked as a consequence of the establishment 

of a density stratification and basin stagnation, because interbedded with 

these laminated chalks are thicker beds of structureless marls. Furthermore, 

these SM-LC cycles do not contain any brackish/marine diatoms, nor do the 

geochemical signatures point to any marked variations, compared to the other 

SM-LC cycles, farther above and below the marine spill intervals. Therefore, it 

would appear that the brackish nature of the waters during these periods was 

a consequence of intense evaporation of the basin waters, in an arid climate, 

rather than due to salinity excursions, as postulated by Schrader (1979). This 

conclusion is further substantiated by the thickness of the couplets, as 

discussed below. 

Based on paleomagnetic comparisons and interpretations of pollen 

data, Hsu and Givanoli (1979) have estimated an average sedimentation rate 

of about 5 cm 1 Q-3 years for the Lower Chalk unit. If so, the individual cm

thick SM-SC cycles in this unit would each represent a time span of at least 

2000 years, and the thicker, contiguous SM-SC cycles occurring at a depth of 

around 800 m, considerably larger periods. The structureless nature of the 

beds indicate that the duration of marine spills, if any, during these periods, 

was not long·enough for the development of a permanent halocline and 

consequent basin stagnation. 

In the above context, another characteristic of the basin during this time 

span needs to be discussed. Two of the "marine spills" identified by Schrader · 

(1978, 1979) roughly correspond to intervals marked by thick units of 
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calcareous shale, and organic-rich cyclic alternations of laminated and 

structureless marls (Fig. 2.33). These "sapropelic" units containing brackish 

water diatom assemblages suggest that there were periods during the 

deposition of the Lower Chalk cycles when the Mediterranean waters did in 

fact flow into the Black Sea. Such organic-rich sequences testify to a sudden 

influx of saline waters and resultant basin stagnation (Schrader, 1979). 

An increase in intensity of evaporation during the more arid times of 

deposition of the SM-SC cycles would explain the observed enrichment in 18Q 

in these lithologies, relative to the other cycles of the Lower Chalk unit. Like 

the SM-SC cycles of the Upper Chalk unit, these structureless cycles are also 

characterized by an upsection increase in o18Q across the marl-chalk 

couplets. This would indicate periodic fluctuations in the intensity of 

evaporation during the times of deposition of these beds. Arid climatic 

conditions must have prevailed during the periods of deposition of the chalk 

half-couplets, as opposed to more humid conditions during the times of marl 

deposition. During periods of arid climatic conditions, terrigenous flux to the 

basin would also have been limited. This would also explain the decreased 

thickness of the chalk half-couplets relative to the marls. Lower 
. . 

evaporation/precipitation ratios and increased runoff must have characterized 

the warm, humid climatic conditions during marl deposition. 

In summary, the primary processes responsible for promoting rhythmic 

alternations of structureless marl-structureless chalk beds in the two Chalk 

units are as follows: 
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Figure 2.33. Core photograph of two organic carbon-rich sapropels separated 
by a marl interbed in the Lower Chalk unit of the Black Sea. These units were 
often found to contain brackish water diatom assemblages by Schrader (1978, 
1979). Core section 428-380A-51-3, 134-146 cm. Scale bar in centimeters. 

119 



a. Minor fluctuations in primary productivity, as indicated by the persistent 

increase in carbonate and organic carbon contents, as well as carbon 

isotopic values across the marl-chalk couplets. 

b. Significant variations in terrigenous flux, as suggested by the variable 

thickness of the marl and chalk beds. Dilution effects were more 

common during times of deposition of marl half-couplets than during the 

other times. 

c. Persistence of alternating cool-arid and warm-humid climatic conditions 

during the times of deposition of the Upper chalk and marl beds, 

respectively. The more arid climate was responsible for the relatively 

smaller terrigenous flux during the deposition of the chalk beds. 

d. During times of deposition of the SM-SC cycles of the Lower Chalk 

unit, the climate was largely warm and arid. Diatom assemblages point 

to a phase of relatively increased evaporation during the times of 

deposition of these cycles. 

Structureless marl-laminate chalk (SM-LC) and structureless marl-lensoidal 

chalk (SM-Lee) bedding cycles 

In contrast to the structureless chalks, the lensoidal and finely 

laminated chalk beds in the Lower Chalk unit indicate periodic stagnation of 

the basin. While moderate microbioturbation is a probable characteristic of 

lensoidal chalks, the finely laminated chalk beds are marked by mm thick 

alternations of carbonate-rich and clay-rich laminae. Although the carbonate 

content in these two types of chalks is between 60 and 80 percent, similar to 

the range of values observed in the structureless chalks of the unit, the 
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average Corg content is relatively higher in these chalk beds compared to the 

concentrations in structureless chalks. This would indicate that for sustained 

levels of primary productivity during the deposition of all the variants of chalk 

beds, a higher concentration of organic matter in the laminated and lensoidal 

chalks probably reflects an increase in organic carbon burial under stagnant 

basinal conditions, which retarded sediment bioturbation. 

The carbon and oxygen isotopic signatures of the laminated and 

lensoidal couplets are, in general, typical of the variations exhibited by similar 

carbonate cycles in modern freshwater lacustrine systems. Like in the SM-SC 

cycles, the carbonate-carbon isotopic composition of the laminated and 

lensoidal cycles also shows a persistent enrichment in 13C across the marl

chalk couplets. However, unlike the SM-SC rhythmicities, the oxygen isotope 

values in the SM-LC and SM-LeC cycles are in general characterized by an 

up-section depletion in 1so across the couplets. (Figs. 2.14, 2.23; Appendix 

C). The magnitude of this decrease ranges between 0.5%o and 1.5%o. This 

would indicate systematic fluctuations in evaporation intensities and /or overall 

higher ambient temperatures during the deposition of the chalk beds. 

Be¢ause the Lower Chalk unit was deposited during a relatively warm 

preglacial epoch in the middle to late Pliocene (Fig. 2.1 ), the systematic 

variations in the oxygen isotopic composition across the couplets could be 

reflective of alternating "dry" and "wet" intervals. The carbonate-rich chalk 

beds marked by lower values of o18Q could represent deposition under 

relatively dry conditions, when the combined effects of higher temperatures 

and productivity could have led to an increased precipitation of abiotic 

carbonates. However, warm and wet periods, marked by increased 
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precipitation and runoff, must have characterized times of marl deposition. 

Such a pattern would also explain the increased terrigenous dilution effects in 

the marl beds, as opposed to the chalks. Further support for thi~ possibility 

comes from the occurrence of carbonate-rich and carbonate-poor small

amplitude rhythmicities in the early to mid-Pliocene sequences in the eastern 

Mediterranean (Sue, 1984; Gudjonsson, 1987; Bertoldi et al., 1989). 

Palynological and isotopic signatures in these sequences have been 

suggested to reflect both short- and long-term alternations in precipitation

runoff intensities. 

The carbon isotopic values of the bulk organic carbon in the SM-LC 

cycles are characterized by a slight enrichment in 13C across the couplets 

(Fig. 2.23; Appendix C). The magnitude of this increase ranges between 0.2%o 

to 1%o. Similar enrichments in 13C of particulate organic carbon in freshwater 

eutrophic systems have been demonstrated to be related to a reduced 

availability of C02(aq) at the carboxylation sites, probably brought about by 

periods of enhanced productivity (c.f. Hollander, 1989; Hollander et al., 1993). 

Furthermore, because primary lacustrine carbonates are a by-product of 

photosynthetic activity, the o13C of the carbonates precipitated in such aquatic 

systems tends to track the o13C of the POC associated with primary 

productivity (Hollander et al., 1993). The presence of a covariance between 

o13Ccalcite and o13Corg in the SM-LC cycles of the Lower Chalk unit (Fig. 

2.34), together with the strong positive relationship between CaC03 and Corg 

contents in these cycles (Fig. 2.11, A), indicates that a significant portion of the 

organic matter in the sequences is autochthonous in nature and related to 

primary productivity. The lack of any characteristic increase in C/N ratios in 
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the chalk beds, relative to the underlying marls, also discounts the possibility 

that increasing Corg contents across the couplets reflect increases in 

terrigenous organic matter input. 

Although the above observations point to primary productivity variations 

in the basin during the deposition of the SM-LC cycles, the development of the 

rhythmicities cannot be explained by fluctuations in productivity alone. The 

fundamental, and perhaps the only striking, difference in the geochemical 

characteristics between the structureless and laminated chalks is the presence 

of a relatively higher Corg content in the laminites. This, together with the 

finely laminated nature of the chalks and the absence of benthic fossils in 

them, point to their deposition in a stratified basin under dysaerobic to anoxic 

bottom water conditions. As discussed before, thickness considerations 

indicate that the times of deposition of the chalk beds should correspond to 

periods of lower terrigenous input compared to the times of marl deposition. 

This would rule out relatively higher sedimentation rates (consequent on an 

increased input of terrigenous material) during the deposition of chalk beds. 

Thus, it may be hypothesized that the development of anoxic conditions in the 

basin during the periods of deposition of laminated chalk beds was related to 

periodic stratification of the water mass and resultant lack of oxygen 

replenishment. 

A final point to be addressed in this context concerns the lensoidal 

chalks. The geochemical characteristics of these chalk beds have similarities 

to both the structureless and the laminated chalks. These lensoidal beds are 

distinctively different only in their megascopic and microscopic textural 

features. The most striking characteristic of the lensoidal chalks is the nature 
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of bioturbation. It therefore appears that the lensoidal chalk beds represent a 

stage intermediate between the finely laminated lithologies on the one hand, 

and the remarkably structureless chalks, on the other. 

In summary, the primary processes responsible for promoting rhythmic 

alternations of marl and chalk in the SM-LC and SM-LeC cycles of the Lower 

Chalk unit are as follows: 

a. The persistent increase in carbonate and organic carbon contents, as 

well as the carbon isotopic values across the marl-chalk couplets point 

to periodic fluctuations in primary productivity in the basin. 

b. The variable thickness of the marl and chalk beds indicate significant 

variations in terrigenous flux. Dilution effects were more important 

during times of deposition of marl half-couplets than during other times. 

c. Alternating "dry" and "wet" intervals characterized times of deposition 

of the couplets. The chalk half-couplets represent deposition under 

relatively dry conditions, as opposed to warm and wet periods 

characteristic of the times of deposition of the marls. 

d. Periodic stratification of the water mass and resultant lack of oxygen 

replenishment led to the development of dysaerobic to anoxic bottom 

conditions during the periods of chalk deposition. 

Potential forcing functions on climate 

The textural characteristics and the geochemical signatures of the 

alternating beds of marl and chalk in the Black Sea sedimentary record 

suggest the dominant influence of climate in the rhythmic deposition of these 

couplets. A question that arises in this context concerns the potential forcing 
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functions on climate during the times of deposition of these rhythmites. A 

consideration of the available pollen records from the basal part of the Lower 

Chalk sequences together with details of the number of cycles delineated in 

this unit during the course of this study, puts remarkable constraints on the 

short-term forcing functions on climate. 

Pollen data from the Lower Chalk unit indicate two prominent phases of 

climate cooling at depths of ca. 830 m and 780 m (Fig. 2.1; Traverse, 1978; 

Hsu and Kelts, 1978). Correlation of the paleomagnetic stratigraphy 

developed by Hsu and Giovanoli (1979) for the sediments, with their probable 

equivalents in the Mediterranean region indicates that these two datum 

horizons could be dated as 4.1 Ma (first indications of surface-water cooling in 

the Mediterranean Sea and Atlantic Ocean) and 3.2 Ma (initiation of northern 

hemisphere glaciation; Shackleton and Opdyke, 1977; Zubakov and 

Borzenkova, 1990; Thunell et al., 1991; Fig. 2-1 ). This gives an average 

sedimentation rate of ca. 6 cm 1 o-3 years for the sediments deposited in the 

Black Sea between 830 m and 780 m, a value that corresponds fairly well to 

the mean sedimentation rate of 5 cm 1 o-3 years estimated by Hsu ·and 

Gio"vanoli (1979) for the whole Lower Chalk sequence. 

In the course of this study, 212, cm-thick bedding cycles were 

delineated in the Lower Chalk unit between the depths of 830 m and 780 m 

(Appendix A). Considering deposition of these cycles during the interval 

between 4.1 Ma and 3.2 Ma, the average time for deposition of one complete 

cycle is ca. 4200 years. This would mean that the rhythmicities recorded by 

these cycles are not related to the lower frequency astronomical signals in the 
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Milankovitch frequency band (20-400 ka), and thus must reflect some short

term quasi-periodic fluctuations. 

Paleontologic and geochemical studies of the Mediterranean marine 

record indicate that significant perturbations in climate characterized the 

Pliocene interval between 4. 7 Ma and 3.5 Ma and that the magnitude of these 

fluctuations are comparable to late Pleistocene open ocean glacial/interglacial 

changes (Broecker, 1986; Thunell et al., 1991 ). Studies of both Greenland ice 

core oxygen isotope data and the lithologic-paleontologic composition of deep

sea sediments corresponding to the last glacial period indicate recurrence of 

large and abrupt climate changes averaging a few thousand years in duration 

in the northern Atlantic region and western Europe (Dansgaard, 1987; 

Dansgaard et al., 1993; Broecker, 1994). These climate cycles ("Dansgaard

Oeschger cycles" or "D-0 cycles") are characterized by abrupt jumps in 

temperature, dust content, ice accumulation rate, and concentration of 

methane and perhaps carbon dioxide. As shown by Bond et al. (1993), these 

climatic cycles are punctuated at their coldest stages by 250 to 1250 y 

duration Heinrich events, which reflect melting of large iceberg armadas driven 

by glacial surging of the Laurentian ice sheet (Heinrich, 1988; Bond et al., 

1992, 1993; Broeckeret al., 1992, 1994; Dowdeswell et al., 1995). Such 

melting events ("Bond cycles") have a quasi-periodicity of about 7000-10,000 

years, with the last D-0 cold event corresponding to the Younger Dryas (Bond 

et al., 1993; Broecker, 1994). Within such Bond cycles are the more rapidly 

fluctuating rhythmicity of glacial-interstadials, as indicated by the o180 record 

of the Summit and Vostok ice cores. 
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The continuous GRIP Summit a18Q ice core record from Greenland 

(Dansgaard et al., 1993) shows 22 glacial-interstadials occurring between ca. 

20 and 11 O ka, corresponding to a recurrence frequency of ca. 4100 years . 

Similarly, Bender et al. (1994) discuss 22 interstadials spanning 20-105 ka, 

which suggests a periodicity of ca. 3900 years. Considering the cold-arid and 

warm-wet signatures preserved in the Lower Chalk cycles of the Black Sea 

rhythmites, and their averaged short-frequencies (ca. 4200 years) of 

recurrence, it is thus hypothesized here that these rhythmic occurrences may 

be in some way reflective of periodic short-term (interstadial) climate forcing, 

analogous to the climatic cycles recorded in the ice cores and sediments of 

the last glaciation. The mechanism which drives these quasi-periodic events, 

however, remains a prominent element of paleoclimate modeling debate (c.f. 

Broecker, 1994), but their persistence appears to be global in nature (Bender 

et al., 1994). 

Conclusions 

Petrographic, mineralogic and geochemical studies of the cm-thick, 

marl-chalk couplets in the Plio-Pleistocene Black Sea sedimentary section 

indicate that the rhythmicity recorded by these couplets reflect climate

modulated periodic fluctuations in primary productivity and terrigenous influx in 

a fresh to brackish water basin. Organic carbon-sulfur relationships indicate 

that the Black Sea aquatic system, during the times of deposition of the two 

Chalk sequences, was dominantly fresh water in nature, and that the Corg·Fe

S coupling in this basin was largely limited by the availability of sulfur. The 

128 



nature of the rhythmicities, the presence of bioturbation features, and 

geochemical data presented here discount deposition of the marl-chalk 

couplets under different stages of diagenetic alteration. Diagenetic 

overprinting by dissolution/reprecipitation reactions also does not appear to 

have caused major changes in the nature of the rhtymicities, nor in their 

isotopic signatures. 

Covariant increases in carbonate and organic carbon contents and 

o13C values of the carbonate fraction from the basal marl to the overlying 

chalk in every studied couplet indicate that the carbonate phases in these 

cycles are a direct result of biogenically-induced inorganic precipitation from 

the water column. However, the relatively small differences in the carbonate

carbon isotopic values between the marls and the chalks (mean do13C 

ranging between 0.5%o and 0.8%o in the different cyclic variants) indicate that 

primary productivity variations during these times were not high. Calculations 

based on the carbonate content and average thickness of the couplets also 

indicate that primary productivity variations by themselves could not have 

resulted in the observed rhythmicity. Furthermore, the calculations indicate 

that periodic fluctuations in terrigenous flux into the basin appear to have 

modulated the development of these couplets. Such variations in terrigenous 

flux signify a climatic control. 

Pollen and diatom records preserved in the sediments and the oxygen 

isotope signature in the couplets bring out the dominant influence of climate in 

promoting the development of rhythmicity in the two Chalk units. As indicated 

by pollen data, the Upper Chalk sequence was deposited during a relatively 

cold phase in the early Pleistocene, while the deposition of the Lower Chalk 
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cycles occurred during a warmer climatic phase. Oxygen isotopic variations 

across the couplets in the Upper Chalk unit demonstrate that whereas the 

chalk beds in this unit were deposited during cold, arid climatic conditions, 

relatively warm and humid climate characterized the times of deposition of the 

marl half-couplets. Pollen records in the couplets substantiate this possibility. 

In contrast to the Upper Chalk sequences, aridity during the times of 

deposition of the chalk beds in the Lower Chalk unit appears to have been 

sustained during periods of intense warmth. Warm and wet climatic conditions 

marked by increased precipitation/evaporation ratios characterizing the times 

of deposition of the marl half-couplets in this unit. Consideration of the 

number of cycles in the Lower Chalk unit, together with details of 

paleomagnetic stratigraphy and the pollen record, indicate that the climatic 

oscillations during the deposition of the marl-chalk couplets do not correspond 

to Milankovitch frequency bands. Short-frequency abrupt climate changes 

analogous to rapid interstadial cycles of the last glaciation appear to have 

been prevalent during these times. 
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CHAPTER3 

A THERMODYNAMIC MODEL FOR WATER COLUMN 

PRECIPITATION OF SIDERITE IN PLIO-PLEISTOCENE BLACK 

SEA 

Abstract 

It has been hypothesized that finely disseminated, soft, wheat-like 

grains of siderite in the sideritic muds of the Plio-Pleistocene section of the 

Black Sea are "sub-aqueous precipitates" (Hsu and Kelts, 1978). In an 

attempt to quantify this hypothesis, we (1) investigated the chemistry, 

mineralogy, and isotopic composition of the siderites and associated calcite 

and (2) developed a thermodynamic model of endogenic siderite precipitation 

(that is, directly precipitated from the water column) driven by sequential 

evaporative concentration of acidic, dissolved organic-carbon, and iron-rich 

waters. Considering the average composition of the present-day Satilla 

drainage of the southeastern United States as approximating the composition 

of tlie waters that fed the Neogene Black Sea and allowing this water to 

evaporate isothermally at 25°C in equilibrium with atmospheric C02 

Manuscript of the paper entitled "A thermodynamic model for water-column 

precipitation of siderite in Plio-Pleistocene Black Sea", by S. Rajan, Fred T. 

Mackenzie, and Craig R. Glenn, accepted for publication in American Journal 

of Science. 
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(Pco2=1 o-3.5 atm), we calculated the aqueous concentrations at which various 

carbonate phases would precipitate out of the system. It is shown that 

evaporation of this water to roughly one-twelfth of its original volume can result 

in precipitation of the pure end member siderite alone. Relating our 

geochemical and modeling results to the details of Black Sea 

climatostratigraphic and evolutionary history during the times of deposition of 

the siderite units, we corroborate the qualitative arguments of HsO and Kelts 
. 

(1978). We also conclude that climate was the chief forcing function in 

transforming episodically the calcite-precipitating eutrophic water masses of 

the Plio-Pleistocene basin to one of siderite precipitation. Based on our model 

calculations of the thickness of siderite precipitated per cm2 of basin area, we 

further predict that the observed laminae/interbeds of siderite could be a 

composite of several microlayers of siderite and clays. 

Introduction 

Siderite (FeC03) is the most common _authigenic carbonate in iron

bearing sediments of all ages (James, 1966; Maynard, 1983). Concretions 

and cemented layers of this mineral, attributed to early diagenetic precipitation 

from interstitial waters or at the sediment-water interface, have been reported 

from a variety of ancient and modern settings, from shallow marine to coastal, 

floodplain, deltaic and fresh water lacustrine environments (Curtis, 1967; Fritz 

and others, 1971; Postma, 1977, 1981, 1982; Matsumoto and lijima, 1981; 

Gautier, 1982; Bahrig, 1988, 1989; Glenn and Arthur, 1990; Pye et al., 1990; 

Mozley and Carothers, 1992; Moore et al., 1992; Spiro et al., 1993). The 
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geochemical controls on the formation and distribution of these diagenetic 

precipitates are fairly well documented. In general, siderite has a very limited 

thermodynamic field of stability (Fig. 3.1 ), and its occurrence in sediments 

necessitates rather restricted environmental conditions of low pe and high 

Pc02. Availability of organic matter, HC03- activity or total C02 concentration, 

low dissolved sulfide concentration and microbial activity all influence the 

origin of siderite and its subsequent diagenetic alteration (Curtis and Spears, 

1968). As shown in figure 3.1, even at a total C02 concentration of 1 o-3 moles 

1-1 and a concentration of dissolved sulfur species of 1 o-B moles i-1, the 

stability field of siderite is very small. Under these conditions, with increasing 

sulfide concentration, any ferrous iron might be expected to be precipitated as 

sulfide (greigite, mackinawite, or pyrite), rather than as the carbonate phase. 

Three distinct geochemical environments have been demonstrated to 

be conducive to siderite precipitation during early diagenesis. In slowly 

deposited pelagic sediments with relatively low concentrations of organic 

matter, vertically expanded depth zones of iron reduction (that is, suboxic 

diagenesis, Froelich et al., 1979; Berner, 1981: Maynard, 1982) constitute an 

ideal environment for siderite precipitation (Curtis, 1977; Walker, 1984; 

Coleman, 1985; Mozley and Carothers, 1992). Siderite precipitation is also 

highly favored in the zone of methanogenesis, especially if the sediments are 

not iron-limited. However, conditions for siderite formation beneath anoxic 

marine waters in the sulfate reduction zone of sediments are more complex 

than in the zones of iron reduction or methanogenesis (Curtis, 1987). Iron-rich 

carbonates can coprecipitate with iron sulfides only if sufficient reactive iron is 

available and the rate of iron reduction balances or exceeds that of sulfate 
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reduction (Curtis, 1987; Pye et al., 1990). Because continental lacustrine 

settings are characterized by low dissolved sulfate and consequently sufide 

concentrations, high rates of sedimentation and relatively high organic carbon 

flux, these settings are the most ideally suited environments with respect to 

siderite precipitation during early diagenesis. 

Endogenic (inorganic, water-column derived) siderites appear to be 

uncommon in the ancient sediment record. This is a rather intriguing 

observation because the conditions stipulated for siderite formation and 

thermodynamic stability (low pe, low dissolved sulfide concentrations, 

availability of reactive iron, and high PCOi) can also be attained in the bottom 

waters of a depositional basin, in addition to the pore water realm. Klein and 

Beukes (1989), Beukes and others (1990), and Beukes and Klein (1992), 

based on petrographic and geochemical studies of the iron-formation 

sequences in the Transvaal Supergroup of South Africa, established that most 

of the siderite forming finely laminated units is a primary sedimentary 

precipitate from the water column or at the sediment-water interface. 

Similarly, the fine-scale alteration of iron-rich and iron-poor microbands in the 

iron-formations of the Hamersley Range, Western Australia, has been 

interpreted as the result of deep water deposition linked with evaporation 

(Trendall and Bleckley, 1970). Garrels (1987, 1988) demonstrated that the 

Hamersley Range microbands could also result from evaporation of stream 

waters in a non-marine basin. In modern lacustrine settings, however, 

precipitation of siderite from the water column has been shown to occur only in 

the Cameroon volcanic lakes of Monoun and Nyes (Sigurdsson et al., 1987; 

Bernard and Symonds, 1989). According to the model developed by these 
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authors to explain the lethal gas burst episodes from these lakes, steady-state 

input of C02 from cold volcanic vents within these lake basins over an 

extended period of time led to the build-up of dissolved bicarbonate. 

Reduction by reaction with organic matter, of laterite-derived ferric hydroxides 

reaching the stagnant, anoxic hypolimnion of the lake basin, led to high 

hypolimnion concentrations of Fe2+. Catastrophic C02-gas burst episodes 

and resultant degassing in these lakes apparently increased saturation with 

respect to siderite leading to its precipitation (Sigurdsson et al., 1987; Bernard 

and Symonds, 1989). 

Hsu and Kelts (1978), in studies of chemical sedimentation in the Black 

Sea, suggested for the first time the probability that the spindle-shaped siderite 

grains in the Neogene muds of the basin could be precipitates from the water 

column (endogenic). According to them, the persistence of a warm, humid 

climate during the times of siderite deposition led to intense chemical 

weathering of hinterland lithologies, yielding abundant fluvial inputs of iron and 

silica to a fresh water Black Sea basin. The deeper waters of this basin must 

have been periodically anoxic as a consequence of biological productivity, to 

allow for remobilization of iron and manganese as Fe2+ and Mn2+. Hsu and 

Kelts further suggested that the water chemistry of the Neogene drainage into 

the Black Sea was similar to that of the sluggish streams of the southeastern 

United States, which are characterized by a relatively high content of dissolved 

organic matter, iron and silica, and low concentrations of other dissolved ions 

such as Ca2+ and Mg2+. Availability of reactive iron and low sulfide 

concentrations in an eutrophic water mass with anoxic basinal conditions 

136 



might have led to an increase in saturation conditions favoring siderite 

precipitation. 

The purpose of this paper is to test and expand on the HsO-Kelts 

hypothesis and to develop a thermodynamic model of primary siderite 

precipitation in a fresh water environment driven by sequential evaporative 

concentration of acidic, dissolved organic-carbon and iron-rich waters in a 

basin with a net hydrographic deficit. The basic features of the model closely 

follow the evaporative concentration model of Sierra Springs developed by 

Garrels and Mackenzie (1967), as well as a thermodynamic evaporative model 

for the microbanded Precambrian Iron Formations suggested by Garrels 

(1987). As suggested by Hsu and Kelts (1978), we elected to use the 

composition of one of the present-day rivers draining southern Georgia, U.S.A. 

(the Satilla River), as approximating the composition of the feedwaters 

draining into the Neogene Black Sea. The silt-sized grains of siderite in the 

two siderite-bearing units of the Black Sea (Fig. 3.2) are considered to be the 

ultimate end products of such deposition. The paleo-environmental conditions 

and the history of chemical carbonate sedimentation in the basin during Plio

Pleistocene times provide further constraints on the model. Our theoretical 

development is therefore preceded by a brief discussion of these constraints 

and the considerations that are necessary in relating the model results to the 

hypothesis of endogenic siderite precipitation. 
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Modern Black Sea 

The Black Sea today is the world's largest land-locked inland sea (area: 

423,000 km2) and has a maximum depth of about 2200 m with an average 

depth of 1330 m. Thirty percent of the area of the basin is below a depth of 

2000 m (Balkas and others, 1990). The sea is the catchment basin for a major 

portion of European fresh water discharge, and several important rivers drain 

into it. The basin is linked to the Mediterranean through the Bosporus Straits, 

a narrow conduit whose depth is about 36 mat present and has probably 

never exceeded 100 m (Zubakov and Borzenkova, 1990). Temporal and 

spatial variability of atmospheric conditions characterize the modern Black Sea 

climate. The highest average air temperatures are 24oc in the central and 

northern parts and 22oc in the southern parts of the basin. Mean annual 

surface water temperatures vary from about 1 soc in the southern part, 13oc in 

the northeastern part, and 11°c in the northwestern portion of the basin 

(Balkas et al., 1990). 

Although now located in a semi-arid climati.c zone, the Black Sea is 

marked by a strong positive water balance. Precipitation and rivers provide 

about 550 km3 of fresh water per year while only about 350 km3 per year are 

lost through evaporation (Table 3.1 ). Most of the fresh water inflow is through 

drainage from continental areas, with the Danube River contributing nearly 

60% of the total runoff. Brackish water from the Sea of Azov enters through 

the Kerach Strait as a surface current, and the more saline (S=34), warmer 

Mediterranean water flows into the basin as underflow. In return, the relatively 

less saline (S=18) surface waters of the Black Sea flow out via the Bosporus 
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Table 3.1. Hydrographlc budget of the modern Black sea 
(after Fonsellus, 1974) 

River input 

Rainfall 

Gains 

Source 

Bosporus subsurface current 

TOTAL 

Losses 

km3 y· 1 Cause km3 y· 1 

320 Evaporation 350 

230 Bosporus surface current 400 

200 

750 750 
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to the Mediterranean. Some Black Sea bottom water also flows northward into 

the Sea of Azov. Surface water salinities in the Black Sea range from 17.5 to 

19, and below the halocline salinities average about 22. The halocline also 

promotes vertical salinity stratification by hampering mixing between surface 

and bottom waters, with consequent water column anoxia below 80 to 200 m 

(variations in the depth of the oxic-anoxic interface reflect the balance between 

fresh water and salt water inflows; Murray et al., 1989). 

Pllo-Plelstocene Black Sea 

Physiography and sedimentation history 

The physical characteristics of the Black Sea developed into their 

present form during the late Quaternary. Considerable climatic fluctuations 

with corresponding sea level changes during the last 6 to 8 my have left in 

their wake a record of extreme changes in the ·sedimentary regime. Over time, 

the Black Sea has also been subjected to changes in its hydrographic budget 

through variations in major drainage patterns, climatic perturbations of 

freshwater inputs, and rates of evaporation (Scholten, 1974; Degens and 

Paluska, 1979). In addition, several studies have shown that during the 

Tertiary and Quaternary, the Black Sea depositional environment vacillated 

between fresh water lacu·strine and brackish-marine, because the sealevel in 

the Mediterranean repeatedly rose above or below the sill depth of the 

Bosporus (Degens and Ross, 1974 , and papers therein; Hsu, 1978a, b; Hsu 

and Kelts, 1978; Schrader, 1978, 1979). Geological and geophysical data 

suggest that aside from a short interlude of basin desiccation in the late 
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Miocene, the Black Sea remained a gigantic deep basin throughout the 

Cenozoic (Hsu and Giovanoli, 1979). 

The history of sedimentation in the Black Sea includes black shale 

deposition during the late Miocene, followed by chemical carbonate 

sedimentation to the end of the early Quaternary and a change to largely 

terrigenous sedimentation during the middle to late Quaternary (Fig. 3.2). The 

modern phase of sedimentation in the basin is represented by finely laminated 

coccolith marl. Deposition of chemical sediments began in a fresh water 

basin, when the regional climate was warm and temperate, continued through 

a late Pliocene cooling trend and early Pleistocene glacial conditions, and 

terminated during an interglacial episode (Hsu, 1978a). As revealed at DSDP 

Site 380, the suite of chemical sediments consists of dolomite muds, 

magnesian calcite, aragonite, and millimeter to decimeter thick couplets of 

chalk/organic-carbon rich clays or marl, and sideritic mud/diatomaceous clay 

or marl (Fig. 3.2). Correlation of lithology with paleoclimate suggests that the 

chalk units were deposited during relatively cold and dry conditions, and the 

sideritic mud units during warm and wet pregtacial or interglacial periods (Hsu 

and Kelts, 1978). 

Environmental and Hydrological Conditions During Slderlte Deposition 

In order to relate our thermodynamic model results to the Black Sea 

depositional system during the times of siderite deposition, it is necessary to 

gain some insight into the environmental and hydrological conditions 
. 

characterizing the Black Sea during these periods. Because the siderite-rich 

sediments were primarily deposited during two relatively short time-spans in 
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the Plio-Pleistocene, an understanding of the nature of the chemical 

environment and the factors that promoted siderite precipitation in the Black 

Sea basin is fundamental to the development of the model. In particular, the 

following aspects of the Neogene Black Sea depositional system merit 

attention. 

1. The climatic conditions characterizing the Black Sea region. To 

what extent were environmental conditions conducive to siderite 

deposition? 

2. The nature of the Black Sea basin. Was it an isolated fresh water 

lake during times of siderite deposition, or a lacustrine system with 

limited water exchange with the Mediterranean? 

3. The hydrochemistry of waters draining into the Black Sea. Does the 

sedimentary record in the basin or the geology of the hinterland 

indicate that the rivers draining into the Black Sea during the times 

of siderite deposition were similar in composition to the Satilla 

waters we have used in developing our model? 

In this section, we discuss the above aspects and show that environmental 

conditions and water chemistry during times of siderite deposition were indeed 

favorable for iron carbonate precipitation. 

Climatostratigraphic constraints 

Paucity of chronostratigraphically diagnostic floral and faunal elements in the 

sediment cores has seriously hampered a proper stratigraphic evaluation of 

the Black Sea sediment sequences (see Schrader, 1978, 1979; Stoffers and 

MOiier, 1978 and Hsu, 1978a and b, for three differing view points). Here, we 
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accept Hsu's interpretations of Black Sea stratigraphy and sedimentation 

history based on pollen and diatom evidences, paleomagnetic data, climatic 

variations; and estimates of sedimentation rates (Hsu, 1978a; Hsu and 

Giovanoli, 1979). Correlation of the paleomagnetic stratigraphy for the 

sediments developed by Hsu and Giovanoli (1979) with their probable 

continental equivalents in the Black Sea region (Kerch-Taman, Azov, Danube 

and Ukraine areas), as described by Zubakov and Borzenkova (1990), 

provides some important constraints on the climatic and hydrologic 

development of the Black Sea basin during deposition of the two siderite units. 

Some of the climatostratigraphic observations of relevance to the present 

study are summarized below. 

Chronostratigraphy of the Black Sea sediment record shows that the 

lower siderite unit was deposited between about 3.0 and 2.5 Ma, 

corresponding to the Gauss Magnetic Epoch (Fig. 3.2). In the marine section 

of the Eastern paratethys (which includes the Black Sea basin), this 

paleomagnetic epoch occurs in the Kuyalnikian regional stage (Fig. 3.2). 

Paleoclimatic studies indicate that the early part of this stage was 

characterized by a warm, humid climate, as reflected in the meadow/brown 

forest soils and forest pollen record of the pedological sections found in the 

Ukraine (Zubakov and Borzenkova, 1990). In the Crimean valley, the 

dominant soils during this period were reddish brown in color, typical of 

subtropical forest areas (Sirenko and Turlo, 1986). Annual summer 

temperatures were of the order of 23· to 2s·c, and precipitation rates were low 

(Sirenko and Turlo, 1986). On the eastern margin of the Black Sea, 

palynological data from Georgia indicate two warm and two cold phases 
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during the Kuyalnikian. The warm periods centered around approximately 2.8 

and 1.8 Ma were marked by a proliferation of polydominant conifers, 

hardwoods, ferns, and subtropical plants (Shatilova et al., 1991 ). 

Hsu and Giovanoli (1979) identified a paleomagnetic datum horizon 

near the top of the upper siderite unit at 330 m below the present sea floor as 

corresponding to the Brunhes-Matuyama boundary at O. 78 Ma (Fig. 3.2). In 

the Black Sea continental section, the Brunhes-Matuyama transition occurs 

within the Chauda regional stage (Fig. 3.2). The Chauda stage ranges in age 

from 0.6 to 1.1 my (Zubakov and Borzenkova, 1990). If we accept the 

estimated rate of sedimentation of 18.5 cm/103 years for the upper siderite 

unit as given by Hsu and Giovanoli (1979), then most of the upper siderites 

correspond to the Chauda stage and to the underlying Gurian stage (Fig. 3.2). 

The upper part of the Gurian stage, correlatable to the upper siderite unit, 

represents a warming phase in the Black Sea region, as reflected in the iron 

oxide-rich reddish brown buried paleosols of the period (Zubakov and 

Borzenkova, 1990). Pollen records also indicate the widespread existence of 

forests dominated by pines and other conifers. Mean winter air temperatures 

never dropped below o·c, and precipitation was low (Zubakov and 

Borzenkova, 1990). 

The Gurian-Chauda transition at about 1.1 Ma (Fig. 3.2) was marked by 

the drainage of Caspian waters into the Black Sea and a consequent 

freshening of the basin. The Chauda climate in the Black Sea region was 

much warmer and wetter than at present, with a dominance of beech

coniferous forests and tropical ferns (Zubakov and Borzenkova, 1990). Mean 

winter and summer temperatures were also markedly higher than at present 
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(Shatilova and Mchedlishvili, 1980). Lateritic soils characterize the pedological 

sections corresponding to the latter part of the Chauda. 

Palynological studies of the Black Sea sediment cores by Traverse 

(1978) lend further support to the climatostratigraphic observations. The 

record of forest and steppe pollen preserved in the cores points to dramatically 

fluctuating climatic conditions in the Black Sea catchment area during most of 

the Neogene, with at least two major periods of relative warmth during the 

Plio-Pleistocene. The deposition of the two siderite units broadly corresponds 

to these times of warm climatic conditions in the hinterland and in the Black 

Sea basin (Hsu, 1978a, b). 

Hydrographic constraints 

Zubakov and Borzenkova (1990) argue for a single rhythmic pattern 

reflecting climatic changes in the Caspian-Black Sea-Mediterranean system, 

although each of the three seas may have responded locally in its own way to 

any change. Unlike the Mediterranean-Black Sea system, the level of the 

Caspian Sea is controlled primarily by precipitation and not by glacial

inte·rglacial episodes. Variations in Caspian Sea level are in general opposite 

in phase to the transgressions and regressions in the Mediterranean-Black 

Sea system (Zubakov and Borzenkova, 1990). Thus, during peak regressions 

in the Mediterranean, which would broadly correspond to periods of extensive 

transgressions in the Caspian, the Black Sea would be a through-flow lake, 

and a part of the Caspian Sea. Isolation and development of closed-basin 

hydrologic conditions in the Black Sea can therefore occur only during the 

early part of a transgressive phase (or end of a regressive phase) in the 
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Mediterranean, because these periods will also be times of regression in the 

Caspian. 

A climatostratigraphic correlation of the marine Pleistocene sequences 

of the Caspian, Mediterranean, and the Black Seas indicates that Chauda time 

largely corresponds to a regressive phase of Caspian waters with very little 

run-off into the Black Sea. Two major transgressions of the Caspian Sea into 

the Black Sea demarcate the upper and lower boundaries of the Chauda 

stage. As discussed previously, fresh water lacustrine conditions persisted in 

the Black Sea basin during the Chauda period, corresponding to the time of 

deposition of the upper siderite unit. Thus, it would appear that closed basin 

hydrological conditions characterized the Black Sea during most of the time of 

deposition of the upper siderite unit. 

In contrast, a major part of the period of deposition of the lower siderite 

unit corresponds to a transgressive phase (the Akchagylian transgression) of 

the Caspian waters. Below the Gauss/Matuyama polarity reversal (2.48 Ma), 

a prominent regressive episode is discernible (Zubakov and Borzenkova, 

1990). Diatom analyses of Black Sea cores indicate predominantly oligohaline 

(0-5 permil salinity) waters in the Black Sea basin during the deposition of the 

lower siderite unit (Schrader, 1978). Furthermore, the occurrence of abundant 

Chrysophyta opal cysts in several diatomaceous layers in the lower siderite 

unit indicates·either the desiccation phase of a fresh water environment 

(Dahm, 1956, cited in Schrader, 1978) or at least restricted basinal conditions 

(Schrader, 1978). Thus, it is possible that there were occasional water 

exchanges between the Black Sea and the Mediterranean during the times of 
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deposition of the lower siderite unit, when the Bosporus might have acted as 

an outflow conduit for Caspian waters draining into the Black Sea. 

Black Sea Slderites 

Because any thermodynamic model of a natural aqueous system tends 

to remain highly speculative unless the products of the model can be related to 

the mineralogy and geochemistry of the solid phases actually present in the 

system modeled, our laboratory studies of the siderite-rich horizons recovered 

from the Black Sea were primarily oriented toward obtaining information on the 

morphology of the siderite grains and the composition of the carbonate phases 

present. We also wanted to verify whether the silt-sized, wheat-shaped 

sideritic grains exhibit any textural features which might argue for an early 

diagenetic origin of these carbonates. In addition, we carried out carbon and 

oxygen isotopic analyses of the coexisting calcite and siderite in the siderite 

units to see whether the isotopic signatures also support our hypothesis of 

endogenic precipitation. 

Side rites in the Plio-Pleistocene section of the Black Sea predominate 
. . . 

in two mud-diatomaceous clay sequences, of thicknesses 114 and 73 m, 

respectively, separated by a 198 m thick unit composed primarily of mud, marl 

and chalk (Fig. 3.2). In the upper unit, siderite commonly occurs as finely 

disseminated grains or as thin lithified laminae interbedded with terrigenous 

muds or marl (Fig. 3.3, A). The lower siderite unit, however, is marked by 

millimeter-to decimeter-thick (maximum thickness around 15 cm) interbeds of 

siderite, marls with siderite admixture, and diatomaceous clays. Thin horizons 
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A 

Figure 3.3. Photomicrographs of siderite-bearing intervals. (A) 
Microlaminations in the Upper Siderite unit. The matrix is composed of 
subequal proportions of siderite, detrital quartz and clay. Plane polarized light. 
Horizontal dimension (HD)= 1.1 mm. Sample number BS-195 (42B-380A-9-
1, 127-128 cm). (B) Euhedral, silt-sized, wheat-shaped grains of siderite in the 
Upper Siderite unit. Plane polarized light. HD= 0.2 mm. Sample number BS-
192 (42B-380A-8-5, 146-147 cm). 
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of alternating siderite and chalk are also characteristic of the upper chalk 

sequence that separates the two siderite units. 

Mineralogy and chemistry 

Petrographic analyses of the sideritic mud show that in many cases 

siderite constitutes the bulk of the sediment. It occurs as reddish-brown, 

spindle-shaped, euhedral grains, either disseminated in the clays or confined 

to microbands in a siliciclastic matrix (Fig. 3.3, A, B). Grain sizes range from 1 

to 10 µm. The presence of siderite concretions (mm to 5 cm in diam) with 

relict structures showing replacement of diatoms by siderite (Fig. 3.3, C) points 

to early diagenesis (Emelyanov et al., 1978). While we do not rule out early 

diagenetic precipitation of siderites in the Black Sea sediments (particularly for 

the larger concretionary masses), we are most interested in establishing 

whether the silt-sized grains of siderite dispersed throughout the mud/clay 

sequences could be endogenic precipitates or whether the fine 

disseminations, layers, beds, and concretions represent a transitional 

sequence of early diagenetic processes. We will return to this topic later. 

For a qualitative assessment of the gross mineralogy of the sideritic 

mud and interbeds, X-ray diffraction analyses were performed on smear slide 

samples of these lithologies from core 380A. The diffraction patterns of the 

sideritic muds show peaks characteristic of siderite and calcite associated with 

an illite-chlorite-quartz-feldspar assemblage. Calcite-rich intervals with less 

than 5% siderite are also characteristic of some interbeds. Reddish-brown, 

decimeter-thick interbeds and concretionary siderites, however, tend to be 

relatively pure siderite. 
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Figure 3.3 C. Photomicrographs showing replacement of diatom tests by early 
diagenetic siderite in the Lower Siderite unit. Small subhedral grains of 
siderite constitute the bulk of the groundmass. Plane polarized light. 
Horizontal dimension of photos is 0.21 mm. Sample number BS-258 (42B-
380A-42-1, 6-7 cm). 
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Quantitative electron microprobe analyses of the mineral assemblages 

in the sideritic muds were also carried out with particular emphasis on the 

carbonate constituents. Al and Si were included as a check for detrital 

interference. Results are given in figure 3.4. These data indicate that the 

siderite grains have a mixed carbonate composition with varying amounts of 

Fe, Mg, Ca, and Mn. Total iron content averages 31 %, compared with 48.2% 

for stoichiometric FeC03. Spot analyses on the spindle-shaped grains do not 

show any noticeable variation in composition within a single grain. The results 

also show a distinct compositional difference between the two siderite units. 

Relative to the upper siderite unit, the siderites of the lower unit are enriched in 

iron and manganese, and depleted in calcium and magnesium (Fig. 3.4). 

Stable isotopic composition 

Samples of sideritic mud from the two siderite units and from the 

siderite-rich chalk-marl cycles in the upper chalk unit were analyzed to 

determine their o13C and o18Q compositions. Carbon dioxide was extracted 

selectively from siderite by reacting pretreated samples in anhydrous 

phosphoric acid (density > 1.9 gm cm-3) at sooc for over 48 hrs. Although 

such short reaction times may not provide quantitative yields of C02 from 

siderites, incomplete reactions have been demonstrated to introduce only 

insignificant errors in the ·isotopic compositions of siderites (Aharon, 1988; 

Beukes et al., 1990; Moore et al., 1992). Prior to reaction with phosphoric 

acid, siderites were treated with 5 percent acetic acid to remove associated 

calcium carbonate, if present (c.f. Cortecci and Frizzo, 1993). Oxidizable 

organic matter was removed by treating the samples with a 4 percent NaOCI 
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Figure 3.4. Range of elemental composition of siderites (expressed as molar percentages of the 
oxides) in the two siderite units. Filled squares, siderites in the upper siderite unit. Open circles, 
siderites in the lower siderite unit. 



solution for 16 hrs. The difference in reactivity between siderite and calcite to 

HJP04 was used in extracting the C02 from a limited number of samples 

containing both phases. Bulk samples were first treated with phosphoric acid 

at 2soc for 2 hrs, and the resulting C02, corresponding to calcite, analyzed for 

its isotopic composition. X-ray diffraction of samples reacted in a similar 

manner indicates that such a treatment apparently has no effect on the 

coexisting siderite grains. The reaction vessel was then transferred to a water 

bath at a temperature of 5ooc, and the C02 collected from siderite. Oxygen 

isotopic compositions of siderite determined by this process as well as the 

results from acetic acid-treated samples from the same horizon agree within± 

0.5 permit. Oxygen isotopic values of siderites were calculated using a 

fractionation factor of 1.01075 (Carothers et al., 1988), and the results given in 

the conventional delta notation with respect to PDB. 

The carbon and oxygen isotopic compositions of the carbonate phases 

in the two siderite units as well as from the siderite-chalk interval in the upper 

chalk unit are shown in figure 3.5. Two distinct populations are characteristic 

of the B13C values of siderites. The extremely positive B13C values of 9 to 

15%o for the concretionary siderites are suggestive of a C02 source strongly 
. . 

enriched in 13C. Organic matter degradation in the zone of methanogenesis 

appears to be the most likely process responsible for this 13C enrichment; 

carbon isotopic fractionation in the methanogenesis zone can result in B13C 

values up to 15%o in the C02 byproduct (Irwin et al., 1977; Whiticar et al., 

1986). Indeed, petrographic studies of these siderite samples show evidences 

of replacement of diatoms by siderite, pointing to early diagenesis. In marked 

contrast, the carbon isotopic values of disseminated and laminated siderite 
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grains range from -0.35 to +4%o. In terms of early diagenesis, the observed 

variations in the isotopic composition of the finely disseminated and laminated 

siderite grains could result from either of the following processes: 

1. Siderite precipitation under suboxic conditions in the zone of fe3+ 

reduction (Maynard, 1982; Walker, 1984). 

2. Mixing, in the pore waters or at the sediment-water interface, of 13C

enriched C02 from methane fermentation and 13C-depleted C02 

produced by microbial destruction of organic matter. 

There is also a third possibility. Siderite precipitating in equilibrium with 

the dissolved inorganic carbon (DIC) pool in an anoxic water column with low 

dissolved sulfide concentrations can be expected to have a carbon isotopic 

composition near 0 permil, typical of primary carbonates (Golyshev et al., 

1981; Maynard, 1982). Below, we examine whether the relatively light carbon 

isotopic signature of the disseminated and laminated siderite grains could be 

the result of their precipitation from the water column. 

Geochemical studies of the two chalk units in the Plio-Pleistocene Black 

Sea (Fig. 3.2) indicate that the calcites in these units are predominantly 

inorganic surface water precipitates formed during episodes of enhanced 

primary productivity (Hsu, 1978; Hsu and Kelts, 1978; G_lenn et al., 1992). The 

presence of both laminated and bioturbated cycles of marl-chalk in this unit 

also point to periodically (seasonally?) stagnant, oxygen-deficient bottom 

waters alternating with times of oxygenation. The calcite-rich interbeds in the 

siderite units have carbon isotopic values comparable to those of the calcites 

in the two chalk units (mean o13C = 2.6%o; Deuser et al., 1978; Chapter 2), 

suggestive of their precipitation by a similar process. 

156 



If the carbon isotopic signature of the calcites in the Black Sea reflect 

the dissolved carbon isotopic composition of the basin waters, the question to 

be raised here concerns the significance of the isotopic values of the 

disseminated and finely laminated siderites, which plot in the range of -0.35 to 

+4 permil (Fig. 3.5). A close inspection of the o13C values indicates two broad 

fields, defined by values close to 0%o, and between 2 to 0%o. The calcites 

coexisting with the siderites have o13C values close to 0%o. The lighter 

isotopic composition of the siderites and the coexisting calcites could be 

explained as having resulted from mixing of organically derived 13C-cfepleted 

C02 with the DIC having a o13C composition of about 0%o. Relative to the 

coexisting calcites, however, siderites with a mean o13C value of 2.7°k show 

enrichment in 13C by 0.5 to 2.0%o, i.e., A813C siderite-calcite = 0.5 to 2.0%o 

(Fig.3.5). Theoretical calculations of Golyshev and others (1981) predict an 

enrichment in the carbon isotopic composition of siderites by about 5%o, if both 

calcite and siderite precipitate from the same water mass at 25°C. The 

reason for the primary difference between the theoretical value and the 

observed variations in A o13C siderite-calcite is, however, not well constrained by 

the.data. 

Model Methodology 

Our discussions so far highlight the fact that environmental conditions 

of the Black Sea area and the water chemistry of the basin were highly 

favorable for precipitation of siderite during specific time intervals. In this 

section, we examine whether, given a feed water of a certain composition, 
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isothermal evaporation of this water at 2soc in equilibrium with atmospheric 

co2 can precipitate siderite of the observed composition and textural 

characteristics. Fundamental to our model is the choice of river water 

composition, as constrained by the climatic and terrestrial ecosystem 

conditions prevalent in the Black Sea area during the times of siderite 

precipitation. Thus, the development of the thermodynamic model involves 

four stages: (1) establishing that the feedwaters of the 1;31ack Sea during times 

of siderite deposition were similar in composition to the present-day Satilla 

river system of the southeastern United States; (2) calculation of the changes 

in composition of these waters as they are progressively evaporated 

isothermally at 2soc; (3) determination of the compositions of the various 

carbonate phases that precipitate at different concentration levels; and (4) 

evaluation of the model results in terms of the observed textural characteristics 

of the siderite-rich horizons in the Black Sea sediments. 

Choice of feedwater 

Table 3.2 gives the average analytical_concentration of the Satilla 

drainage system of the southeastern United States. The Satilla river system is 

remarkably similar in hydrology and basinal characteristics to the postulated 

hydrologic and environmental conditions in the Black Sea catchment area 

during the times of deposition of the siderite units. The Satilla river lies entirely 

within the coastal plain, and its basin is characterized by poorly-drained acidic 

soils and reddish-yellow latosols (Beck et al., 1974). Latosols are the products 

of deep chemical weathering and are the most heavily weathered and leached 

soils in the world (Warman, 1964). Similar iron-rich, reddish yellow lateritic 
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Table 3.2. Mean chemical composition of the Satilla drainage system1 
(Beck et al., 1974), and the composition of the water used In the 

evaporation model. 

(Qo~s:otcati20~ io uum. 

HC03 2.61 Ca 1.32 

Cl 6.11 Si02 6.61 

S04 0.84 Al 0.41 

Na 3.70 Fe 1.05 

K 0.96 Mn 0.06 

Mg 0.74 N03 1.00 

CQmgQsitfoo Qf the watec used io this study 

ppm x 10-s moles/liter 

Si02. 2H20 6.61 6.88 
Ca2+ 1.32 3.29 
Mg2+ 0.74 3.04 

Na+ 3.70 16.10 

K+ 0.96 2.46 

Fe2+ 1.05 1.88 
Mn2+ 0.06 0.19 

HC03- 4.10 6.72 

S042- 0.84 0.87 

CI- 9.69 27.30 

1 Mean composition of 18 river water samples analysed; average pH= 4.59 
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soils also mark the Chauda Stage of the Black Sea continental stratigraphic 

sections. Swamps abound in the Satilla drainage basin, and much of the 

drainage is over low-relief topography (Beck et al., 197 4 ). Humid wet-dry 

subtropical climate, similar to the Black Sea climate during the times of siderite 

deposition (discussed above), is typical of the catchment areas of this river 

system. Temperatures are high, with an annual mean of 150 to 2ooc; 

however, sharp gradients exist between the summer and the winter (Warman, 

1964). Hardwood deciduous forests with slash pines, typical of warm, humid 

environments, are prevalent in the drainage area. (Walker, 1991 ). 

The Satilla waters are characterized by a relatively low suspended load 

(only a few tens of ppm), an abundance of dissolved organic carbon, and low 

pH (3.8-5.9, avg. 4.6). The main constituents of the river water organic matter 

are humic substances, resembling soil fulvic acids (Beck et al., 1974). 

Besides controlling the pH of the waters, these humic substances can be 

expected to influence the aquatic concentration of soluble metal ions because 

of complexation, or colloidal association, or a combination of both processes 

(see discussion below). Most of the iron and aluminum in the Satilla waters is 

present as either dissolved or colloidal metal-organic complexes (Beck et al., 

197 4; Perdue et al., 1976). 

Evaporative concentration of the basin water 

Composition of the basin water 

The composition of the waters assumed to be entering the Black Sea basin 

during the times of siderite deposition is given in Table 3.2. This composition 
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has been modified from the average analytical concentration of the Satilla 

drainage and conforms to several constraints. Beck et al. (1974) showed that 

the electrical imbalance between the analytical anion and cation 

concentrations in their data could be corrected by considering dissociated 

carboxylate anions in the charge balance. However, because the structural 

characterization and concentration of the various functional groups in the river 

water humic substances are not adequately known, incorporation of the 

organic ligands into thermodynamic models may not be realistic (Reuter and 

Perdue, 1977). Therefore, in the analytical concentration we have assumed 

for the composition of the feedwater, the electrical imbalance has been 

corrected by increasing the analytical concentration of (Cl-+ N03·) from 7.11 

ppm to 9.69 ppm. This correction does not affect our evaporation path 

calculations. Furthermore, as we discuss later, the concentrations of organic 

anions per se do not significantly alter our model results. Similarly, we have 

used a HC03· concentration of the feedwaters into the Plio-Pleistocene Black 

Sea as equal to 4.1 ppm (the reported average value of Satilla water is 2.6 

ppm), chiefly to facilitate the calculations at high evaporative concentrations. 

The value we have adopted in fact corresponds to the average bicarbonate 

concentration of Satilla water in its upper reaches. The implications of varying 

the HC03·concentration are also discussed in a later section. We also ignore 

aluminum in our calculations, consider H+ as a species, and the reported silica 

(Si02) concentrations as H4Si04. 

The basis for treating the reported concentration of iron in the Satilla 

waters as free, dissolved Fe2+ needs some discussion. In natural waters, iron 

is found in both Fe (II) and Fe (111) states (Davison, 1993). Ferrous iron, Fe2+, 
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is the more soluble of the two species, but because it is readily oxidized and 

precipitated as Fe (Ill) oxyhydroxide, especially at higher pH, the stability of 

ferrous iron is limited in typical, well oxygenated, freshwaters (Miles and 

Brezonik, 1981; Davison, 1993). However, certain naturally occurring organic 

materials of humic origin have been shown to retard the rate of oxidation of 

Fe2+ in many aerobic freshwater systems through reducing and complexation 

reactions (Shapiro, 1964; Ghosh et al., 1967; Theis and Singer, 1973, 1974; 

Koenings, 1976; Miles and Brezonik, 1981 ). Laboratory experiments suggest 

that this inhibition of the rate of ferrous iron oxidation results from a 

complexation-oxidation-reduction cycle mediated by organic ligands and light 

(Morgan and Stumm, 1964; Theis and Singer, 1974; Miles and Brezonik, 

1981; Waite and Morel, 1984; Sulzerberger et al., 1989). Briefly, the 

sequence of reactions involves the following steps (Fig. 3.6): 

1. Complexation reactions leading to the formation of ferrous-organic 

ligand complexes. The fraction of ferrous iron complexed depends on 

the pH of the water, and the nature and concentration of the organic 

ligand. 

2. Slow oxidation of the Fe(ll)-humic complex and any free Fe(ll) to Fe(lll)

humic complex and Fe(lll), respectively. The free Fe(lll) formed is also 

strongly complexed by humic material present in the system (Miles and 

Brezonik, 1981 ). The rate of oxidation of the complexed ferrous iron is 

highly dependent on the pH (being higher in neutral pH waters than in 

acidic ones), and the type and concentration of the organic ligand. 

Thus, for instance, tannic acid has been shown to retard completely the 

oxidation of Fe (II), while citric acid accelerates its oxidation (Stumm 
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Figure 3.6. The processes involved in the reduction of iron in oxygenated aquatic systems, in 
the presence of organic matter. L and Lo represent respectively. the ligand and its oxidized 
form (after Theis and Singer, 197 4; Davison, 1993). 



and Lee, 1961; Theis and Singer, 1974). Humic acid also inhibits 

ferrous iron oxidation, especially at higher acid concentrations and at 

lower pH values (Miles and Brezonik, 1981 ). 

3. Reduction of the resultant unstable Fe(lll)-humic complex to Fe(ll) 

complex by humic matter, at even neutral pH in the dark, the reduction 

occurring more rapidly in the light. The rate of reduction also is a 

function of the type of organic ligand complexed with the iron. The 

Fe(ll)-organic complex formed is unstable, dissociates, and liberates 

free Fe2+ and oxidized organic matter, thus continuing the cycle (Theis 

and Singer, 197 4; Miles and Brezonik, 1981 ). If conditions are such 

that the rates of Fe(lll) reduction and dissociation are rapid in 

comparison to oxidation rates, a relatively high steady-state 

concentration of ferrous iron can be maintained even in oxygenated 

aquatic systems, as long as the proper organic compounds are 

available to reduce Fe(lll). 

Another sequence of ligand-catalyzed photochemical oxidation

reduction reactions involving ferric iron and hydroxyl groups simultaneously 

operates in freshwater aquatic systems (c.f. Sulzerberger et al.; 1989; Hering 

and Stumm, 1990). Because Fe(lll) is easily hydrolyzed, the ferric iron 

resulting from the oxidation of Fe2+ or Fe(ll)-humic complexes can either be 

complexed by organic ligands or form colloidal Fe (Ill) oxyhydroxide, 

depending on the pH and the nature and concentration of the organic ligand. 

At low pH and in the presence of suitable organic ligands, the Fe(lll) 

oxyhydroxide phase readily undergoes reductive dissolution through 

photochemical processes (McKnight et al., 1988; Sulzerberger et al., 1989). 
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Such dissolution reactions can also occur at higher pH values but at lower 

rates and in the presence of such reductants as diphenols, 

hydroxycarboxylates, et cetera. (Sulzerberger et al., 1989). Biologically

mediated processes have also been demonstrated to be capable of 

influencing the dissolution-precipitation cycle of iron (Arnold et al., 1988). 

In light of the above discussions, it seems reasonable to expect that a 

significant portion of iron in the low-pH, humic-compound-rich Satilla waters is 

present as either free Fe2+ or as dissolved or fine colloidal ferrous-organic 

(humate) complexes and Fe(lll) oxyhydroxides. In the oxygenated surface 

waters of a depositional basin, the ferrous and ferric complexes may 

participate in organic ligand-catalyzed photochemical redox reactions, 

maintaining a relatively high steady-state concentration of Fe(ll). Although the 

rates of reaction are likely to be very slow at the relatively high pH values of 

siderite precipitation (see below), this may not be limiting the availability of free 

Fe2+ for siderite precipitation. Thus, in considering the analytical 

concentration of the feedwaters entering the Black Sea depositional basin, we 

have assumed that the total analytical concentration of iron in the Satilla 

represents free Fe2+. This concentration is probably a maximum bound, but, 

as we discuss later, even if only a third of the total iron concentration is 

present as free, dissolved Fe2+, the reaction pathways for components of our 

evaporation model are not significantly affected. 

It is worthwhile at this stage considering what happens to the organic 

component of the riverine waters entering the Plio-Pleistocene Black Sea 

evaporatory basin during the formation of the siderite units. Most present-day 

freshwater and coastal marine ecosystems (prior to human impacts) are net 
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exporters of C02 to the atmosphere (Garrels and Mackenzie, 1971, 1972; 

Smith and Mackenzie, 1987; Wollast and Mackenzie, 1989; Smith and 

Hollibaugh, 1993; Cole et al., 1994). The C02 flux across the coastal sea-air 

interface results from the precipitation of calcium carbonate and/or net 

ecosystem production (NEP) in which the rate of respiration and decay of 

organic matter exceeds that of organic production. In most freshwater aquatic 

systems, the C02 degassing flux is maintained both by C02 derived from plant 

root and soil respiration and imported to the system by surface or ground 

waters and by increased respiration within the water body of allochthonous 

organic materials derived from the catchment basin. Although there are some 

uncertainties in the analytical data, the mean partial pressure of C02 in rivers 

and lakes averages about ten and three times respectively. that of the 

atmosphere (Garrels and Mackenzie, 1971; Cole et al., 1994). 

An ecosystem with a negative NEP is heterotrophic and consumes 

more organic matter than it produces. Many aquatic systems, including most 

freshwater and coastal marine environments, are heterotrophic. Heterotrophic 

conditions characterize aquatic environments with strong inputs of reactive 

organic matter in the form of particulate and dissolved organic carbon (POC 

and DOC) (Smith and Hollibaugh, 1993; Cole et al., 1994; Ver et al., 1994). 

Thus, although it is difficult to document quantitatively, we feel it is a 

reasonable possibility that the Plio-Pleistocene Black Sea evaporatory basin 

was a net heterotrophic system, with the heterotrophy sustained by the 

oxidation of the reactive DOC and POC transported to the basin by the Satilla

like river waters of the time. Certainly, the present-day Satilla river system is 

net heterotrophic as attested to by its high average internal C02 pressure of 
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about 10-1.s atm. In the Plio-Pleistocene Black Sea evaporatory basin, the 

organic-and iron-rich, low pH input waters would degas C02 as they came to 

equilibrium with atmospheric C02, and some portion of the organic matter, 

including organic ligands, ultimately would be oxidized to dissolved organic 

carbon. Under such conditions because of the kinetics of Fe2+ discussed 

above, moderately high Fe2+ concentrations could be attained and maintained 

in the basin waters undergoing evaporation and lead to siderite precipitation. 

Calculation methodology 

Several assumptions are made in development of our evaporative 

concentration model. During evaporation the basin waters are assumed to be 

isolated from reactions with the country rocks or solid alteration products. The 

water is assumed to evaporate isothermally at 2soc in equilibrium with 

atmospheric C02 (1 o-3.5 atm). Any solids that formed are considered to 

remain in equilibrium with the water. The general procedure we adopted was 

to calculate the effects of concentrating the waters under the above conditions 

by various factors up to 1000, determine the stages at which different 

carbonate phases could precipitate out of the system, and keep track of the 

progressive effects of this precipitation on the pH and composition of the 

remaining waters (see Garrels and Mackenzie, 1967; Hardie and Eugster, 

1970 for further discussio·n of this approach). The solid phases we considered 

as likely precipitates from evaporation are siderite, rhodochrosite, calcite, 

hydromagnesite, and amorphous silica. Equilibrium constants for these 

phases are given in Table 3.3. As we show later, even at 1 OOOX concentration 

of these waters, the low sulfate and chloride concentrations preclude the 
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Table 3.3. Equilibrium constants of solids considered as possible 
precipitates In the evaporation model and of carbonate minerals used in 

construction of the phase diagram 

Species pK Source 

Calcite CaC03 8.46 Plummer and Busenberg, 1982 

Siderite FeC03 10.80 Bruno, Wersin and Stumm, 1992 

Rhodochrosite MnC03 10.58 Jakobsen and Postma, 1989 

Hydromagnesite Mg4(C03)3(0H)2 36.47 Morse and Mackenzie, 1990 

Amorphous silica Si02 ·2H20 2.70 Garrels and Mackenzie, 1967 

Ankerite (Ca, Fe) (C03)2 9.96 Woods and Garrels, 1992 

Kutnahorite (Ca, Mn) (C03)2 9.92 Mucci, 1988 
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formation of gypsum, anhydrite, halite, and other common minerals of 

evaporite deposits. Furthermore, because we are dealing with an oxygenated 

aquatic system and its response to varying intensities of evaporation, sulfate 

reduction, and the consequent formation of pyrite and other iron sulfides can 

be ruled out. In our calculations, dissolved silica is permitted to increase in 

concentration until saturation with respect to amorphous silica was attained. 

Obviously, such arbitrary buffering does not affect our modeling of the 

carbonate system; furthermore, in the case of the Plio-Pleistocene Black Sea, 

siliceous organisms, chiefly diatoms, were responsible for silica uptake from 

the waters. Thus, it is likely that dissolved silica concentrations did not reach 

saturation with respect to amorphous silica. 

The initial step in the procedure is determination of the Pco
2 

of the 

recomputed water analysis from the equation 

(3.1) 

aH2o is taken as unity. KH (Henry's Law Constant)= 1 o-1.468; K1 = 1 o-6.352; 

K2 = 10-10.329 (Morse and Mackenzie, 1990). 

Because of the very low ionic strength of the water, activity coefficients 

(Yi) are calculated using the Davies equation 

log ')1 = -0.5 Zi2 f(I) (3.2) 

where 
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f(I) = [ 1112 0.21] [ 298 ] 
1+11

'
2 (t+ 273) 

(3.3) 

and I is the ionic strength, z is the charge, and 't' is the temperature in oc 

(good over the range of about Oto sooc; Morse and Mackenzie, 1990). The 

ionic strength of the recalculated Satilla water is 0.00045, and Pco2 is 1 o-
1.s1. (i.e., the water is not in equilibrium with an atmospheric Pco2 of 10-3.5 

atm). At an evaporative concentration of 1 OOOX, the ionic strength is only 

0.27; thus, the use of the Davies equation is suitable over the range of 

evaporative ionic strengths of interest. 

In order to determine the pH and accompanying changes in dissolved 

carbonate species as this water comes to equilibrium with atmospheric PC°'2, 

we recast the electrical neutrality equation in such a way that pH-dependent 

species are to the right 

2mca2+ +2mMg2+ +2mFe2+ +2mMn2+ +mNa+ +mK+ -2mso4 2_ -m0 _ = 

mHco3- + 2mco/- + moH- - mH+ (3.4) 

where 

p 

mHC03 = co2 Ktt Ki (3.5) 
- + 

YHC03 aH 

p . 

mco3 
2- = C02 Ktt Ki K1 (3.6) 

Yco32- aH+ 
2 
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moH· = 
(3.7) 

(3.8) 

Through substitution of equations 3.5, 3.6, 3.7, and 3.8 and the values for Kin 

eq (3.4), the charge balance expression (3.9) becomes 

10-11.32 

- + YHC03 aH 

2 ( 10-21.649) 

+ + 
(rco32- aH+ 2) 

The right-hand side of the expression is known from the water analysis 

data, and y for the different species is computed from the Davies equation. 

Thus, expression (3-9) can be used to calculate the new pH of the water in 

equilibrium with atmospheric Pco2 at 2soc, which is 7.10. From this value of 

the pH, the values for mHco3 , mc0:32·, mH+, and moH· are obtained, and the 

total water analysis determined. Although for a given initial concentration, 

computation of the activity coefficients is straightforward, for each subsequent 

concentration, we need to know the ionic strength I to calculate y. However, 

this I, in turn, is dependent on the molality of the dissolved species which is 

what we are trying to compute. The method of solution of the problem is the 
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standard one of sequential iteration: (1) for a given degree of evaporative 

concentration, the ionic strength is first estimated, that is, if the water 

concentration is twice the initial concentration, the ionic strength is estimated 

to be twice the initial I, et cetera.; (2) then the tentative activity coefficients of 

the various species are determined using this I; (3) the approximate pH is 

obtained; (4) using this pH, we recalculate mi for the pH-dependent species 

using equations 3.4, 3.5, 3.6, 3.7, and 3.8; (5) the charge balance eq (3.9) is 

reiterated using the new values of m; and (6) the process is repeated until the 

pH difference between successive iterations is s; 0.01. 

The next step in our calculation is to calculate, at the particular 

evaporative concentration, the proportions of each major component that 

exists as the free ion, as well as the proportion present as inorganic 

complexes. To determine the complexation of the major constituents, we 

followed the classic iterative solution scheme developed by Garrels and 

Thompson (1962) in their model of the speciation of sea water. The 

components we chose for the calculations are the metals Na+, K+, Ca2+, 

Mg2+, Fe2+ and Mn2+, and the ligands OH-, HC03-, C032-, S042-,· and c1-. 

The equilibrium formation constants of the various aquatic complexes 

considered are given in Table 3.4. 

Briefly, the iteration scheme for calculating the distribution of major 

dissolved inorganic species in the feedwater involves the following steps: (1) 

the initial calculation is done by assuming that the principal component 

concentrations are equal to their respective total concentrations, (2) the 

concentration of each species, both free and complexed, is then calculated 

from the mass balance relation for each analyzed constituent, (3) the sum of 
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Table 3.4. Equilibrium formation constants of aquatic species 
used in this atudy (data from Nordstrom et al., 1990) 

Equilibria logK 

Ca2+ + SQ42- = CaS04° 2.30 

Ca2+ + HC03- = CaHC03+ 1.11 

Ca2+ + C032- = CaC03° 3.22 
Mg2+ + SQ42- = MgSQ40 2.37 

Mg2+ + HC03- = MgHC03+ 1.07 

Mg2+ + c032- = MgC030 2.98 

Fe2+ + SQ42- = FeS04° 2.25 

Fe2+ + HC03- = FeHCQ3+ 2.00 

Fe2+ + C032- = FeC03° 5.50 

Mn2+ + S042- = MnSQ40 2.25 

Mn2+ + HC03- = MnHC03+ 1.95 

Mn2+ + c032- = MnC030 4.90 

Na+ + S042- = NaS04- 0.70 

Na+ + HC03- = NaHC03° 0.25 

Na+ + c032- = NaC03- 1.27 

K+ + SQ42- = KS04- -0.85 
Fe2+ + CI- = FeCI+ 0.14 
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the species in each mass balance equation is then compared to the total 

concentration and the original assumption corrected in terms ofthe results 

obtained for the next iteration, and (4) the iteration continued till there is 

convergence (see Garrels and Thompson, 1962; Garrels and Christ, 1965, for 

a detailed discussion of this approach). For our assumed feedwater 

composition, the calculation converges in three iterations. 

At the initial concentration and ionic strength of the feedwater, the 

calculations show that inorganic complexes are of little importance. However, 

as the water comes to equilibrium with atmospheric C02 and is evaporated to 

higher concentrations, the effect of association among major ions becomes 

quite important. Thus, for instance, at an evaporative concentration of 12 X, 

corresponding to siderite saturation, a substantial fraction of carbonate 

(94.5%) is complexed by iron (Table 3.5). At still higher evaporative 

concentrations, calcium and magnesium sulfate complexes become 

significant. 

After calculating the distribution of the major dissolved inorganic 

species in the water at a particular evaporative concentration, the total ionic 

strength and the ion activity coefficients for the various dissolved species are 

again determined. The next step is to determine whether or not the water as a 

result of a pH change has become saturated with respect to any of the solid 

phases considered. To determine the degree of saturation, the ion activity 

products (IAP) are computed for each phase and compared with the 

equilibrium values. If the IAP for a particular mineral exceeds its equilibrium 

value, then the water is supersaturated with respect to that mineral, and 

precipitation of the phase is assumed to commence. However, once a 
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Table 3.5. Distribution of major inorganic, dissolved species in the feedwater at an evaporative 
concentration of 12X. I = 0.005, pH =8.2, and Pco 2 = 10·3.5 atm. (M= cation, X = anion). 

Ion Molality (Total) % Free ion %M-S04 %M-HCO:r % M-c0:32- % M-Cl-
moles kg-1 pair pair pair pair pair 

Ca2+ 3.95x10-4 98.33 1.00 0.65 0.01 
Mg2+ 3.65x10-4 98.22 1.18 0.60 0.01 
Fe2+ 2.26xl0-4 91.87 0.83 4.78 2.51 
Mn2+ 1.31x1Q-5 94.13 0.86 4.37 0.65 
Na+ 1.94xt0-3 99.93 0.03 0.03 
K+ 2.95x10-4 99.95 0.05 

Ion Molality (Total) %Free ion %Ca-X %Mg-X %Fe-X %Mn-X %Na-X %K-X 
moles kg-1 pair pair pair pair pair pair 

S042- 1.05xI0-4 90.23 3.77 4.09 1.79 0.11 
HC0:3- 7.25x10-4 97.77 0.36 0.30 1.49 0.08 
c0:32- 6.00xI0-6 2.67 0.94 0.49 94.48 1.41 



particular solid starts precipitating, because its IAP remains constant, 

thereafter, the phase also becomes a pH-dependent species, and the molality 

of the cation of that species can be expressed as a negative term on the left 

side of the electrical neutrality eq (3.9). For instance, if at a particular 

concentration the water is saturated with, say siderite, we can write the new 

charge balance equation as 

10-11.32 

- + rHC03 aH 

For the equation FeC03(s) = Fe2+(aq) + C032·(aq) 

Ksp = = 10-10.80 
(from Table 3.3) 

2+ 
10-10.80 

ape = 2-
aco3 

2+ 
10-10.80 

ffipe = 2+ 2-
rFe aco3 

We know 
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(3.10.1) 

(3.10.2) 

(3.10.3) 



- 2 (10-21.649) 
mco 2 = ....,..-------........,... 

3 ( y C032- aH+ 2) 

Substituting for ac032_ we obtain 

m 2+ Fe 

(from equation 3.6) 

(3.10.4) 

Substituting for mF02+ in eq (3-10), the expression can be solved by the 

iterative method outlined to obtain the pH of water in equilibrium with siderite 

and atmospheric PC02. The final analytical expression after the water is 

saturated with all the solids considered is 

m + + m + + 2 m 2- m --Na K S04 - c1-
10-11.32 

-----+ - + 
YHC03 aH 

10-14 _ aH+ _ 2aH+ 2 

YMn 2+ 10-11.07 

YOH- aH + Y H+ YFe 2+ 10-IO.SS 

'V 2+ 10-13.19 
1Ca r 2+ 10-13.63 

Mg 

(3.11) 

The calculated changes in water composition during evaporation up to 1 OOOX 

concentration and the various solids precipitating out at different concentration 

levels are shown in figure 3.7. Figure 3.8 shows the ionic strength and the pH 

of the water corresponding to various evaporative concentrations. 

177 



.01 

.001 

ID 
-~ 
(/) .0001 

~ 
0 
(/) 
(/) 

'6 
0 
~ .00001 
(ij 
0 
::E 

.000001 

.0000001 

Calcite 

.00000001,__~__,~...._ .................................... ~~..__ ....... __. ........................... ~~...___..__.._ ................ 1..1..1 

1 10 100 

Concentration factor 
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Sensitivity Analysis. 

Because the formation and stability of siderite necessitates a very 

narrow range of redox conditions (see Fig. 3.1, for instance), endogenic 

precipitation of this iron-carbonate phase is very sensitive to inputs and 

variations in the chemistry of the depositional waters. In particular, our model 

is based on the critical assumption that an oxic freshwater aqueous system, 

maintaining an adequate supply of reactive iron in the reduced state, can 

become supersaturated as it is allowed to evaporate isothermally at 2soc in 

equilibrium with atmospheric C02. In order to assess the response of such a 

system to changes in the initial dissolved concentrations of iron and 

bicarbonate, as well as the effects of organic complexation, a sensitivity 

analysis of the model was performed by varying the concentrations of these 

components in our calculations. As indicated earlier, we assumed that the 

initial HC03- concentration of the Black Sea feedwater was equal to 4.1 ppm 

(compared with a reported average value of 2.6 ppm for the Satilla drainage), 

a value that corresponds to the average bicarbonate concentration of Satilla 

water in its upper reaches. Our calculations resulting from the sensitivity 

analysis show that even for an initial HC03- concentration of 2.6 ppm, for the 
. . 

assumed concentration of iron, siderite is the earliest carbonate phase to 

precipitate (at about 14 X concentration of the waters, followed by 

rhodochrosite at about 32 X). We also performed the calculations by 

assuming that only a third of the total analytical iron concentration in the 

waters reaching the depositional basin is available as free Fe2+ and by 

correcting the initial electrical imbalance by considering dissociated 

carboxylate anions in the charge balance. Even under such constraints, 
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siderite turns out to be first carbonate phase to reach saturation, at an 

evaporative concentration of the waters to 15 X. The presence of organic 

anions as an independent component thus does not significantly alter our 

model results, at least within the range of evaporative concentrations leading 

to siderite saturation. Similarly, if a feedwater containing only 2.6 ppm of 

HC03- and 0.35 ppm of uncomplexed Fe2+ (equal to a third of the original 

analytical concentration of iron in the Satilla river system) is allowed to 

evaporate in equilibrium with atmospheric C02, the water becomes saturated 

with respect to siderite first, although only at a higher evaporative 

concentration of - 25 X. In fact, the calculations show that the separation 

between the evaporative concentrations at which the various carbonate 

phases reach saturation only increases under these varying conditions of 

solution composition. 

Composition of Carbonates 

Three distinct solid carbonate phases were considered: pure calcite, 

CaC03; a complete and ideal solid solution between siderite (FeC03) and 

rhodochrosite (MnC03); and an ideal, complete solid solution between 

ankerite (Feo.sCao.sC03) and kutnahorite (Mno.sCao.sC03). The two solid 

solutions can be represented, respectively, by the following formulae 

Fexsid Mn{ 1-Xsid )co3 
and 

Feo.sxankMno.s(t-xank)Cao.s C03 
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where Xank and Xsid represent the mole fractions of the end members 

ankerite and siderite, respectively. Considering calcite as a pure phase 

(activity =1 ), and assuming the solid solutions to be ideal (activity of the solid= 

mole fraction), the following mass action equations can be written 

K 2+ 2-
c = aca aco3 (3.12) 

Xsid 
(3.13) 

(3.14) 

( )0.5( 2+)0.5( 2 ) 
aFe2+ aca aco3 -

Ka = ---------------
xank 

(3.15) 

( )0.5( 2+)0.5( 2 ) 
aMn2+ aca aco3 -

Kk = (1- xank) 

(3.16) 

where Kc, K5 , Kr, Ka and l<J( are, respectively, the equilibrium constants for 

pure calcite, siderite, rhodochrosite, ankerite and kutnahorite at 2soc and 

1 atm (Table 3.3). 

The composition of each solid solution is fixed by the ratio of Fe2+ to 

Mn2+ in solution, as shown by the following equations 
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(3.17) 

K2 a 
Kk2 

(3.18) 

The two solid solutions may coexist with an aqueous phase of a given 

aFe2+/ClMn2+ ratio. Their respective compositions are fixed by the following 

relation, obtained by combining equations (3.17) and (3.18) 

(3.19) 

The relations between the solid phases .and aqueous solution can be 

best represented by a solid solution-aqueous solution phase diagram for the 

system CaO-MnO-FeO-C02-H20 system (Helgeson, 1968; Helgeson, et al., 

1969; Woods and Garrels, 1992). It can be shown that the stability of the 

various solid phases can be described in terms of the two variables 

aFe2+/aca2+ and aMn2+/aca2+. Let us first consider the boundary in the 

calcite-ankerite-kutnahorite system. By dividing eqs (3.15) and (3.16) by eq 

(3.12), one obtains the following expressions for the equilibrium between 

calcite and an ankerite-kutnahorite solid solution 
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Xan1c2 Ka2 
K2 c 

a 2+ 
= Fe 

aca2+ 

a 2+ Mn 

aca2+ 

(3.20) 

(3.21) 

For each composition of the solid solution, given ·by Xank. there is only 

one fixed value for each of the ratios aF0 2+/aca2+ and aM~+/aca2+. This 

condition can be represented in a log af0 2+/aca2+ - log aMn2+/aca2+ 

orthogonal composition diagram (Fig. 3.9). The calculated curve, obtained by 

using the data of Table 3.3, delineates the stability field of calcite with respect 

to the ankerite-kutnahorite solid solution. The two solid phases may only 

coexist for a composition of the aqueous phase represented by one point on 

the curve. The coexistence of the ankerite-kutnahorite solid solution with the 

siderite-rhodochrosite solid solution can be obtained in a similar way by 

combining relations (3.13) and (3.14), respectively, with the square of (3.15) 

and (3.16) 

2K2 Xsid s 
x 2K 2 ank a 

a 2+ 
Mn 

a 2+ 
Ca 
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Figure 3.9. Aqueous solution-solid solution phase diagram for the system 
CaO-FeO-MnO-C02-H20 at 25CC and 1 atm. total pressure. The stability fields 
of the various carbonate phases and solid solutions are indicated. The 
compositions of the solid solutions, siderite-rhodochrosite, and 
ankerite-kutnahorite, in equilibrium with an aqueous solution are also shown. 
Points 1 and 2 represent the compositions of the solid solution in equilibrium with 
water for an evaporative concentration of 12X and 35X, respectively. 
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The two coexisting solid solutions must furthermore fulfill the following 

condition 

Xsid Ks 

(1- Xsid) Kr 
(3.24) 

Thus, by combining eqs (3.24), (3.22), and (3.23), one obtains once more for 

each composition of the solid solution, a fixed value for the ratios aFe2+/aca2+ 

and aMn2+/aca2+. The results are represented in the log-log diagram (Fig. 3.9) 

as before. 

The composition of the solid solutions in equilibrium with an aqueous 

solution can also be represented in figure 3.9, in the manner as described 

above. The equilibrium conditions for siderite-rhodochrosite given by relation 

(3.17) are rewritten as 

a 2+ x ·d K a 2+ log Fe = log s1 s + log Mn 
aca 2+ (1- Xsid)Kr aea 2+ (3.25) 

Each composition of the solid solution Xsid is described in the diagram by a 

straight line of slope 1. Similarly, the equilibrium condition (3.18) for the 

ankerite-kutnahorite solid solution is 

(3.26) 
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This condition is also represented by a straight line of slope 1 for each value of 

Xank· 

Discussion 

The changes in water composition during evaporation up to 1000 X and 

the various solids precipitating out at different evaporative concentration levels 

are shown in figures 3. 7 and 3.8. The first solid phase to precipitate out of this 

water is siderite, at a concentration of about 12X. Increasing the degree of 

evaporative concentration and precipitation of siderite will gradually change 

the aFe2+/aMn2+ ratio in favor of saturation of the solution with respect to 

rhodochrosite. By the time saturation with respect to rhodochrosite is attained 

(at about 35X), most of the free ferrous iron in solution is removed as the 

carbonate phase. The composition of the iron-manganese carbonate phase in 

equilibrium with the aqueous solution for different evaporative concentrations 

can be determined by plotting the log aMn2+/aca2+ against log aFe2+/aca2+ on 

the equilibrium phase diagram of figure 3.9. Thus, an evaporative 

concentration of 12X would yield a nearly pure siderite, while for a 35X 

concentration of the waters, pure rhodochrosite will result.. At evaporative 

concentrations between 12X and 35X, the composition of the mixed Fe-Mn 

carbonate phase in equilibrium with the aqueous medium will be a function of 

the aFe2+/aMn2+ ratio in solution. The waters at a concentration of about 55X 

are saturated with respect to calcite, while precipitation of hydromagnesite 

does not start until the concentration is around 75X (Fig. 3.7). 
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A few comments on the role of silica in this evaporation model are 

appropriate here. It is difficult to postulate the role of abiotic processes in 

extracting dissolved silica from the surface waters of the Black Sea basin, 

although it has been suggested that sorption reactions involving dissolved 

silica and suspended sediments are a likely buffering mechanism in controlling 

silica concentrations in fresh water environments (Edwards and Liss, 1973; 

Mayer and Gloss, 1980). Diatoms constitute nearly 50 to 60% of the bulk of 

the two siderite units in the Black Sea section (Ross, 1978). Such an 

abundance of diatoms indicates that the silica cycle of the Neogene Black Sea 

was principally driven by biologic activity. It is quite likely, therefore, that biotic 

uptake had always maintained silica concentration in the Black Sea waters 

below the saturation concentration for inorganic precipitation of this 

component, either as amorphous silica or as the Mg-silicate phase, sepiolite 

(Wollastet al., 1968). 

A critical aspect of this model is our assumption of equilibrium between 

the precipitating iron carbonate phase and the depositional waters. 

Equilibrium thermodynamics, despite its limitations when applied to natural 

mineral-water systems, does provide strong constraints on the behavior of 

natural systems. As we noted earlier, the siderites in the Black Sea, present 

as finely disseminated grains or confined to finely laminated horizons, are 

remarkably uniform in their morphology and textural characteristics. 

Quantitative electron microprobe analyses do not show any noticeable 

variation in composition within individual siderite grains. Furthermore, there 

are no indications of the formation of these carbonate phases by 

recrystallization from metastable phases. Thus we contend that the siderites 

188 



in the Plio-Pleistocene Black Sea sedimentary record are the ones initially 

deposited in equilibrium with the depositional waters. Although such situations 

may be a rarity in near-surface aquatic systems, equilibrium between 

authigenic carbonates and the aqueous phase has been demonstrated in 

several aquifer systems, for example, in the lower Rhine valley near Bocholt in 

Germany (Leuchs and Obermann, 1992), and in the Coastal Plain aquifers of 

the southeastern United S~ates (Lee, 1985; Lee and Strickland, 1988). 

Similarly, Anthony (1977) has reported the formation of siderite in the water 

column of the modern freshwater Lake of the Clouds, Minnesota (1977). 

How does this evaporative model explain the siderite occurrences in the 

Black Sea? Basically, the model establishes that in an oxic freshwater aquatic 

system capable of maintaining relatively high concentrations of Fe2+ in the 

presence of suitable organic ligands, it is theoretically possible for siderite to 

precipitate, by a simple process of evaporative concentration, much before the 

waters saturate with respect to any other carbonate phase. However, the 

persistence of siderite in the sediments is subject to the various 

thermodynamic constraints enumerated earlier (see Fig. 3.1 ). What we 

emphasize in our model is the possibility of water column precipitation of 

siderite grains in a depositional basin receiving waters of a suitable 

composition. The process of precipitation is controlled by the evaporative 

concentration of the entire water mass, while the preservation of this 

carbonate phase in the sediment record is due to the existence of at least 

periodically stagnant, anoxic bottom waters (as discussed earlier). The model 

also provides for the formation of discrete layers or laminae of the siderite 

phase alone, if detrital flux into the basin is largely excluded. Depending on 
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the extent of terrigenous dilution, endogenic siderite can also occur as 

disseminations, admixed with elastics. 

Combining the theoretical model results with the climatostratigraphic 

and paleoenvironmental constraints enables a reconstruction of the history of 

siderite sedimentation and water balance for the Plio-Pleistocene Black Sea. 

As discussed earlier, closed basin lacustrine conditions persisted in the Black 

Sea during most of the times of deposition of the sideritic units. Hence 

because there was practically no water exchange with the Mediterranean 

during these periods, the oligohaline to mesohaline conditions postulated for 

the Black Sea by Schrader (1978) would imply a salinization of the waters by 

evaporitic excesses. Our model results indicate that if the Black Sea feed 

water during the times of siderite deposition had a composition similar to 

present-day Satilla drainage, an evaporative concentration of the water of the 

order of about 12X is sufficient to initiate siderite precipitation. 

Climatostratigraphical interpretations of the Caspian-Black Sea

Mediterranean system and palynological studies of the Black Sea sediment 

cores indicate that warm, humid climatic conditions prevailed in the Black Sea 

catchment areas during most of the times of siderite deposition (Traverse, 

1978, Hsu, 1978; this study). This could have led to intense chemical 

weathering of the hinterland lithologies, yielding abundant fluvial inputs of iron 

associated with humic substances to the depositional basin. The dominance 

of 12c-enriched organic matter in the sediments (o13C of bulk organic matter 

ranges between -24.9 and -27.7°-'o; Chapter 2), its relatively high C/N ratio 

(mean C/N ratio 11 ), and low H/C ratio (<1.0 in the lower Siderite unit; Hue et 
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al., 1978) corroborate our hypothesis of a higher flux of terrigenous organic 

matter into the basin during the times of siderite deposition. 

The present-day Black Sea is marked by 550 km3 y-1 of fresh water 

inflow through runoff and precipitation, and an evaporation rate of 350 km3 y-1. 

Nearly 50 percent of the total water influx into the basin is lost through 

evaporation. If deprived of the two-way flow through the Bosporus, the water 

balance of the Black Sea during the times of siderite deposition must have 

been quite different from that of the present day. Our paleoenvironmental 

interpretations based on climatostratigraphy indicate that climatic conditions 

were relatively warmer and more humid, and temperature gradients between 

summer and winter were steeper, during the times of siderite deposition than 

they are today. Under these conditions, fresh water inflow must also have 

increased to offset the increased evaporation. Such a change in the 

hydrological regime of the Black Sea seems comparable to the development of 

brackish water in the Caspian basin during the late Khazar regression (>70 x 

1 oa ybp). Chepalyga (1984) estimated that the warm, humid climatic 

conditions which prevailed in the drainage basin of the arid Caspian region 

during this time led to a 33 percent increase in runoff and a 20 percent increase 

in the loss due to evaporation, relative to present-day values. 

Palynological evidence from southern Italy, Sicily, and south-western 

France points to the existence of latitudinal gradients in vegetation, and hence 

in climate, within the Mediterranean region during Pliocene-early Pleistocene 

times (Sue, 1984; Bertoldi et al., 1989; Thunell et al., 1991). For instance, 

while pollen records for the Early Pliocene from southern Italy and Sicily 

indicate the prevalence of an arid climate with dry summers in the south-central 
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Mediterranean region during the Early Pliocene, the flora of the north-western 

Mediterranean suggests warm humid climatic conditions during this time period 

(Bertoldi et al., 1989). Similarly, the vegetational record corresponding to the 

short-term climatic cooling centered at around 3.2 Ma for these two regions is 

characteristically different. While the climatic conditions in the south-western 

Mediterranean were relatively cool and more humid during this time, arid 

conditions prevailed in the north-west. Thus, we contend that the existence of 

contrasting climatic regimes in the catchment areas and the basin proper of the 

Plio-Pleistocene Black Sea as necessitated by our model is not in conflict with 

the climatic conditions which prevailed in much of western Europe during this 

time span. 

If disseminations of siderite crystals in sediments can be explained by a 

simple process of evaporation, can the interlayers and interbeds of siderite-rich 

horizons in the Black Sea record result from this process? To answer this 

question, we calculated the thickness of pure siderite deposited in one year per 

cm2 of the basin for an evaporative concentration of 12X, as follows: The 

difference in the concentration of Fe2+ at 12X and the next higher 

concentration (13X) is equivalent to the amount of Fe2+ removed from solution 

as siderite. This amount (in mg 1-1) was converted to milligrams of iron 

deposited per cm2 of basin area. Considering the density of siderite to be 3.80 

gms cm-3, the milligrams of iron deposited per cm2 of area was recalculated to 

millimeters per cm2 of siderite precipitated in the basin. If the evaporative 

concentration (by a factor of 12X) and precipitation of siderite are an annual 

process, then, our calculations indicate that the thickness of pure siderite that 

will be precipitated per year from a liter of basin water is only 0.06 mm. 
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Therefore, a 1 O cm layer of pure siderite would require more than 1700 years 

to precipitate! The values will not change much even for higher evaporative 

concentrations where the water is saturated with respect to other carbonate 

phases as well (see Fig. 3.7). Hsu and Giovanoli (1979) have estimated a 

sedimentation rate of 0.18 mm per year for the two siderite-rich sequences. If 

this value represents the rate at which terrigenous/diatomaceous clays were 

deposited in the basin, evaporative concentration and settling out of siderite 

grains at a much lower rate will result in disseminations of this carbonate phase 

in the clay sequence, as observed. At these rates of sedimentation, the 

thicker, centimeter-to decimeter-scale interbeds and interlayers of siderite can 

only be diagenetic horizons or a composite of many microlayers of pure or Fe

Mn-Ca siderite precipitated from the water column. 

Conclusions 

A major conclusion derived from the present study is that endogenic 

siderites are a distinct possibility in fresh water lacustrine environments which 
. 

are marked by annual productivity cycles, thermal stratification, anoxic bottom 

waters, and an adequate supply of iron. The nature and composition of the 

sideritic phase that can precipitate out are a function of the evaporitic 

concentration of water, a·nd its persistence in the sediment record is 

constrained by several thermodynamic variables including low pe and 

concentration of dissolved sulfide, high Pc02. and availability of organic 

matter. The application of our model to the geological history of sedimentation 

in the Black Sea indicates that climate was the chief forcing function in 
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transforming the calcite-precipitating eutrophic water masses of the basin into 

one of siderite precipitation during interludes in the basin's Plio-Pleistocene 

history. Based on calculations of the thickness of siderite precipitated per cm2 

of basin area, we further predict the presence of microlaminations in the 

observed interlayers and interbeds of sideritic mud. It is also interesting to 

note that the occurrence of siderite in the Black Sea, ranging from microbands 

to interlayers and interbeds is remarkably similar to the. Early Proterozoic 

Hamersley Banded Iron Formations, whose striking textural similarity with the 

Permian Castile carbonate-anhydrite varves prompted Garrels (1987) to 

develop an evaporative model for the Banded Iron Formation microbands. 
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CHAPTER4 

SHORT-TERM VARIATIONS IN PRODUCTIVITY, AND RECORDS OF 

HYPEREUTROPHICATION IN ALA WAI CANAL, OAHU 

Preface 

Although the author of this dissertation is not the senior author in this 

paper, it is included as a chapter here, for two reasons. Primarily, the author 

of this dissertation contributed significantly to data acquisition and 

interpretation. Secondly, the content is directly relevant to the preceding 

chapters, and to the overall exposition of the dissertation. 

Abstract 

The geochemistry, mineralogy and stable isotopic composition of 

sediments cored from the Ala Waj canal, described for the first time here, 

provide a record of past changes in salinity, oxygenation and eutrophication in 

a shallow, subtropical artificial estuary. The sediments of the canal are rich in 

organic carbon (ca. 1-8%) and calcium carbonate (ca. 6-68%). The carbonate 

fraction contajns a mixture of aragonite (ca. 2-25%), magnesian calcite (ca. 1-

Manuscript of the paper entitled "Geochemistry, mineralogy and stable isotopic 

results from Ala Waj estuarine sediments: Records of hypereutrophication and 

abiotic whitings" by C.R. Glenn, S. Rajan, G. M. McMurtry and J. Benaman, 

accepted for publication in Pacific Science. 
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38%) and calcite (0-11%). The majority of this carbonate appears to be a 

direct result of biogenically-induced inorganic precipitation from the water 

column. This interpretation is supported by historical measurements of 

hypereutrophication in the water column, the appreciable lack of biogenic 

carbonate in the sediments, the significant concentration of carbonate 

throughout the canal, the fine grain size and mixed marine mineralogy of the 

carbonate, the significant positive correlation between CaCOa and uranium 

scavenged from the water column, the lack of detectable carbonate in 

associated fluvial sediments, the similarity between the isotopic composition of 

the carbonates and that of the total dissolved carbon in the present water 

column, and the positive covariance between accumulation rates of CaC03 

and organic carbon in portions of the back basin core. Supersaturation with 

respect to these phases appears favored by high primary productivity and 

accompanying C02 draw-down in warm surface waters. The process of 

precipitation is analogous to marine whitings and inorganic CaC03 

precipitation in lakes, but to our knowledge this is the first reported occurrence 

documented from an estuarine system. 

Temporal variations in paleoproductivity, bottom water oxygenation and 

changes in the water balance of the canal are assessed on the basis of 

calcium carbonate and organic carbon flux rates and by down-core variations 

in the isotopic composition of organic carbon, calcium carbonate and benthic 

foraminifera. We demonstrate that the canal was, and continues to be, highly 

productive, and that the back, landlocked basin of the canal has undergone 

episodes of progressive eutrophication at least twice since 1935. The first 

phase of eutrophication is marked by an up-section increase in the stable 
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carbon isotopic gradient between surface and deep waters. During this time 

the back basin became hydrologically closed and its waters became fresher, 

as indicated by the compositions and covariance in carbon and oxygen 

isotopic values of the carbonates. The second phase began about the time 

that the canal's sediment sill was dredged and is marked by an up-section 

increase in the carbon isotopic composition of authigenic carbonates and 

benthic foraminifers, reflecting a progressive increase in primary productivity 

and water-column stratification through time. Oxygen isotope results suggest 

that the second phase is also marked by a increased freshening of the back 

basin as the sediment sill has built back to the canal's surface. 

Introduction 

The Ala Wai canal is a partially mixed, moderately stratified artificial 

estuary created in 1927 to drain the low-lying wetlands in the tourist resort 

area of Waikiki. Fifty meters wide near its mouth, the canal extends inland 

from the ocean for 0.75 km, makes a 45 degree bend, and ends 2.35 km after 

the bend, forming a landlocked back basin (Fig. 4.1 ). The longer, landlocked 

section receives fresh water discharge from the Manoa-Palolo drainage 

system. Originally dredged to a depth of 3-6 m, the mean depth of the canal in 

1971 was estimated to be only 2 m (Gonzalez, 1971 ). Today the canal 

contains four distinct features: a seaward dipping channel extending for about 

1 km inland from the mouth, a small basin having a maximum depth of 3.5 m 

between the Kalakaua Street and McCully Street bridges, a silled shoal region 

at the mouth of the Manoa-Palolo stream, and a back basin, inland of the sill 
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Figure 4.1. Location of sediment cores M-3, M-5, M-21, and G-8 taken from the Ala Wai Canal. Initial completion of the 
canal was in 1927. Since then, due to the persistent formation of a sedimentary sill at the mouth of the Manoa-Palolo river, 
two segments of the canal were dredged in 1966 and 1978. The position of these dredged segments are shown. Today, 
the canal contains another large sill at the mouth of Manoa-Palolo stream and the bottom waters behind it (to the 
southeast) are dysaerobic. Normally oxygenated sea water enters the canal through the Ala Wai Yacht Harbor. Sites 1-12 
Of Gonzalez (1971) are also shown. 



(Figs. 4.1 , 4.2). The sill at the mouth of the Manoa-Palolo streams becomes 

exposed at low tide although sea water still flows around it along its south

western side. Since its creation, the canal has become a polluted, highly 

eutrophic body of water. In order to increase ventilation and combat pollution 

and siltation in the channel, the sill was removed by dredging in 1966 and 

1978 (State of Hawaii Records, 1990). The 1966 dredging removed a length 

of ca. 0.5 km of the sill and the 1978 dredging removed ca. 1.0 km (Fig. 4.1 ). 

The back basin of the canal, which has been at least periodically dysaerobic to 

anoxic, was not dredged. 

Large spatial and temporal variations characterize the salinity and 

temperature distributions in the canal. Annual average surface water salinity 

varies between 0-32 psu (primary salinity units, parts per thousand), 

depending on location, runoff, tidal stage and wind conditions (Gonzalez, 

1971 ). A halocline is usually within one meter of the surface, except during 

peak runoffs, when its bottom limit may extend to 2 meters or more. Below the 

halocline, salinities are usually in the range of 33-34 psu throughout the canal 

(Laws et al., 1993). The temperature distribution in the canal is also strongly 

affected by the magnitude of the fresh water influx, and large vertical gradients 

of as much as 5oc m-1 have been observed during peak runoffs (Gonzalez, 

1971 ). The back basin, extending upstream from the sill, receives fresh water 

from neighboring streams that overrides sea water entering the canal from the 

Ala Wai Yacht Harbor (Fig. 4.1 ). Salinity in the back basin remains high 

(surface water 28-32 psu; bottom water 32 psu, this study), however, resulting 

in a dominantly marine environment. The water in this basin is also frequently 

warmer than elsewhere, sometimes by as much as 1°c, chiefly because of the 
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absence of seaward transport of heat from the basin. This temperature 

difference also affects the renewal of water in the basin below sill depth. In 

1969, when the sill was about 1 m deep, the average residence time of water 

behind the sill was calculated to be of the order of days to weeks (Gonzalez, 

1971 ). The waters behind the sill hav~ been stratified with respect to salinity, 

temperature and density (Gonzalez, 1971 ). In addition, the oxygen levels in 

the back basin water have been lower than elsewhere in the canal, with 

dysaerobic to anoxic conditions occurring in the deepest waters of the basin 

(02 < 1 ml/I throughout 1969; Gonzalez, 1971 ). Furthermore, high 

concentrations of nutrients in the form of nitrate (2 - 8 µg-at/I) and phosphate 

(0.1-3.4 µg-at/1) occur in the canal with point sources at the Manoa-Palolo and 

Apukehau streams and at a large storm drain at the extreme head of the canal 

(Gonzalez, 1971 ; Harris, 1975; Vink, 1991 , unpublished). Nutrient loading 

from the adjacent Ala Wai Golf Course is another potential non-point-source 

input. 

Recent studies by Laws et al. (1993) indicate that productivity indices in 

the Ala Wai canal at 50 cm depth are close to the theoretical maximum of 25 g 

C g-1 chi .a h-1 estimated by Falkowski (1981) and that conditions in the upper 

water column are close to optimal for phytoplankton growth. Diatom and 

dinoflagellate production increases towards the back basin and, with an 

average primary productivity rate of 5.3 gCm-2d-1 (Harris, 1975; Beach et al., 

1995), the Ala Waj water column displays a hypereutrophia rivaled by few 

other natural water bodies in the world (e.g., Jellyfish Lake, Palau, 3.1 gCm-

2d-1, Hamner et al., 1982; Lake George, East Africa, 4 - 6 gCm-2d-1, Tailing, 

1965; Lake Maruit, Egypt, 3.4 - 7.7 gcm-2d-1, Aleem and Dowidar, 1965; 
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major oceanic upwelling zones, <1.4 gCm-2d-1, Glenn and Arthur, 1985). 

Compared to these other occurrences, the small size, marine waters, simpler 

geometry, and the limited input point sources for detritus combine to make the 

Ala Wai significant for modeling processes responsible for the delivery of 

organic carbon and nutrient elements to sediments. In this paper, we examine 

the sedimentary record of primary productivity and eutrophication in this canal. 

To this end, we measured the variations in the contents of organic carbon, 

calcium carbonate, sulfur, nitrogen and uranium in the Ala Weil sediments as a 

function of time and examined these in relation to variations in nutrient 

contents and marine-versus-terrigenous organic sources. The sedimentary 

record of the stable isotopic composition of carbon in calcite, organic matter 

and benthic foraminiferal tests and the oxygen isotopic composition of the 

carbonates and foraminifera have also been used to trace variations in 

productivity and eutrophication through time. 

Methods 

This study concentrates on sediment cores obtained from four stations 

in the Ala Wai canal, shown in Figures 4.1 and 4.2. The cores were obtained 

in the summer of 1991 by manually pushing 6 m long core liner sections into 

the sediments from a small boat positioned near the center of the canal at 

each station. Total lengths of 90 cm of core were obtained at station M-3, 85 

cm at station G-5, 162 cm at station M-21, and 200 cm in the back basin at 

station G-8. The water depths at these stations at the time of coring were 3.8, 

3.0, 3.0 and 3.1 m, respectively (Fig. 4.2). Following coring, the cores were 
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sealed with rubber stoppers and immediately transported vertically a few miles 

to the University of Hawaii cold storage (20C) core repository. The cores were 

then frozen and split with a table saw. Visual core description was carried out 

immediately after splitting the cores, although some of the primary fabric of the 

cores may have been lost due to ice crystallization during the freezing 

process. Most of our studies have concentrated on core G-8 because of its 

recovery length and because of its location beneath waters displaying highest 

primary productivity, stratification and oxygen deficiency. 

Selected samples were examined as smear slides with the petrographic 

microscope and as carbon and gold coated samples using a Zeiss DSM 962 

scanning electron microscope (SEM). X-ray diffraction (XRD) mineralogy 

analyses of the Ala Wai sediments were performed with a Scintag PADV X-ray 

diffractometer using Cu-Ka radiation. Size separated, glycolated and 

unglycolated bulk powder and oriented glass-slide mounts were compared for 

determination of clay mineralogy on selected samples that were subjected to 

carbonate removal by sodium acetate-acetic acid buffer solution (Jackson, 

1974). Quantitative proportions of carbonate mineral phases were determined 

by comparing XRD peaks areas using the methods of Sabine (1-992). 

Magnesium contents were determined by the methods of Neumann (1965). 

Representative sediment samples were analyzed for inorganic and 

organic carbon, total sulfur, total nitrogen and uranium-238. Total carbon, 

carbonate carbon and total sulfur were determined by coulometric tit rations (cf. 

Huffman, 1977; Engleman et al., 1985). Percent total organic carbon (TOC) 

was calculated by difference between total (combustible) carbon (organic 

carbon plus carbonate carbon) and carbonate (acid-soluble) carbon (Cc0:3). 
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Assuming that total inorganic carbon (TIC) has the stoichiometry of pure 

CaC03, calcium carbonate contents were calculated from the T1C data. 

Nitrogen was determined with a Perkin-Elmer Model 2400 CHN analyzer 

(Sharps, 1974). Uranium-238 concentrations were calculated on the basis of 

gamma counting measurements of thorium-234 (discussed in detail in 

McMurtry et al., 1995). 

Isotopic analyses of carbon and oxygen were carried out on selected 

samples from core G-8, following the traditional phosphoric acid method 

(McCrea, 1950). Dried, bulk sediments were reacted in anhydrous H3P04 

(p~l.92 gm cm-3) at 5ooc for 1 hour and the evolved C02 was cryogenically 

purified prior to analyses on Finnigan Mat 25 and Finnigan delta S stable 

isotope mass spectrometers. Oxygen isotopic enrichments were corrected for 

110 contamination (Santrock et al., 1985) and converted relative to the PDB 

carbonate standard. The reproducibility of the isotopic composition based on 

replicate measurements is of the order of± 0.1 Cl°k for B13C and ± 0.15%o for 

a1so. The isotopic composition of bulk organic carbon was determined by 

mass spectrometric analysis of C02 produced by combustion of acid treated 

(50% HCI) samples at 85ooc for >8 hours using CuO as an oxidant. Sub

samples from the same levels in the core were used for both carbonate and 

organic carbon analyses. In addition, isotopic analyses of benthic foraminiferal 

tests of the genus Oujngueloculjna (cf. Resig et al., 1995) from several 

horizons in core G-8 were also performed. All isotopic results are expressed 

in conventional values with respect to the PDB standard. 

Mass sedimentation rates were found by radiometrically dating 4-cm 

sections covering the upper 116 cm of the core G-8 from the back bay area, 
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using cesium-137. Details of the Cs-137 technique and systematics are 

presented in McMurtry et al. (1995). Ages were calculated for the midpoints of 

each of the sections dated. A mean sedimentation rate of 3.43 cm y-1 was 

found for core G-8, which agrees rather well with Gonzalez's (1971) estimate 

of 7 x 103 m3 y-1 ( = 3.5 cm y-1) based on changes in bathymetry during the 40 

months following the canal dredging in 1966, and the sedimentation rate of 8 x 

1 oa m3 y-1 estimated by Laws et al. (1993). However, mean sedimentation 

rates in the central part of the core (between 65 cm and 155 cm) are unusually 

high, with rates >20 cm y-1 at 100 cm depth. Below 116 cm, where age data 

were not available, we have assumed a sedimentation rate of 3.43 cm/year. 

This would assign an age date of about 1933 for the bottom of the 2 m core G-

8. In that fine-scale interpretations of the cesium-137 data may change with 

our on-going modeling studies (McMurtry et al., 1995), we first report our 

results with respect to variations with depth in the sediments (Figs. 4-4 to 4-7; 

4-11 and 4-12) and subsequently recast these in terms of our interpretations of 

variations with time (Figs. 4.13 to 4.15). 

Accumulation rates of CaC03 and organic carbon (Corg) in mol cm-2 y-1 

were calculated as follows: 

(cE)pS 
Eacc. rate = --------------

100EAw 

where Eacc.rate = accumulation rate of the element or compound, c = weight 

% of the element or the compound, EAw = atomic weight of the element or 

molecular weight of the molecule, p =the dry bulk density of the sediment in g 

cm-3, and S = bulk sedimentation rate in cm y-1 (cf. Glenn and Arthur, 1985). 
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Results 

Mineralogy 

Sediments of the Ala Wai Canal are relatively dark brown to black muds 

displaying little internal bedding (Fig. 4.3). They are not laminated and 

become silty near the Ala Wai Harbor. They become light gray with increasing 

proportions of calcium carbonate. X-ray diffraction analyses and optical 

examination of the sediments show them to be predominantly a mixture of 

microcrystalline carbonate muds and detrital clays (smectite and chlorite) with 

abundant diatom tests and pyrite, and various admixtures of detrital feldspars, 

rock fragments, benthic foraminifers, sponge spicules, fish scales and bones 

throughout all the cores. Nearly all the foraminifera and diatom tests 

contained some degree of pyrite filling; many were completely infilled (c.f. 

Resig et al., 1995). Some unconfined euhedral pyrite grains were also 

observed. Magnetite was found in small quantities in some of the XRD 

analyses. The carbonate component of the muds is a covarying mixture of 

aragonite (ca. 2-25%), magnesium-rich (magnesian) calcite (ca. 1-38%) with 

ca. ·14 mole % MgC03 and calcite (ca. 0-11 %) with ca. 1-3 mole % MgC03. 

The origin of these phases is discussed below. 

Contents and accumulation rates of carbonate and organic matter 

Figures 4.4 and 4.5, respectively, illustrate the variations in calcium 

carbonate (CaC03) and organic carbon (Corg) contents in the Ala Wai cores. 

Except where directly diluted by terrigenous components, bulk calcium 

carbonate concentrations form a significant proportion of the Ala Wai 
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sediments. Both in the surface sediments and down core, carbonate contents 

are lowest in core G-5 at the front of the mid-canal sill where the sediments 

are most strongly diluted by inputs of siliciclastic detritus. Elsewhere, the 

cores display calcium carbonate contents generally in excess of 5 - 1 O weight 

percent(%). Highest carbonate values occur in the back-basin (core G-8) 

where background values are about 10%. In addition, two intervals very rich 

in carbonate (totaling 20 to 80% CaC03) occur in core G-8 between 25 and 50 

cm and 160 and 200 cm (Fig. 4.4). The carbonate between 160 and 200 cm 

of core G-8 occurs as a massive layer whereas the elevated carbonate 

contents between 25 and 50 cm occur as thin (ca. 0.5 cm) gray interbeds 

occurring at 30, 43, and 47.5 cm (Figs. 4.2 and 4.3). Sediment samples from 

the Manoa-Palolo streams were also analyzed and, although crossing 

exposed fossil reef materials, were found to contain no calcium carbonate 

minerals. This is likely due to the chemical rather than physical weathering of 

these stream-bed outcrops. 

Distinctly high organic carbon contents, with values ranging between 1-

4% are characteristic of all the cores retrieved from the canal (Fig. 4.5). 

Maximum values of 4-6% are concentrated in the top 50 cm of the sediment 

sequence in all four cores. A gradual down-core decrease in organic carbon 

content is conspicuous in all the cores examined. Due to dilution effects, the 

three carbonate-rich gray layers in core G-8 show an abrupt decrease in 

organic carbon by about 2% relative to the mean value. 

Figure 4.6 illustrates that the carbonates of the Ala Wai sediments are 

actually a intimate mixture of extremely fine-grained low magnesium calcite 

(1.2-3.3 mole% MgC03), magnesian (high magnesium) calcite (12.8-16.2 
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mole % MgC03) and aragonite. These three phases occur as sub-micron 

sized particles not individually resolvable with the scanning electron 

microscope (<0.1 µm). Very little of the total carbonate occurs as foraminiferal 

calcite. Based on the number of foraminifers per gram of sediment (Resig et 

al., 1995) and the average weight of these foraminifers (ca. 50 µg per 

individual), we calculate that the foraminifers of core G-8 contribute less than 

1 % of the total sediment CaC03. In addition, the number of foraminifers per 

gram of sediment actually decreases with increasing proportions of total 

carbonate. 

Molar accumulation rates of CaC03 and organic carbon (Corg) for core 

G-8 indicate that the rates vary between 0.02-1.45 moles cm-2 y-1 and 0.02-

3.66 moles cm-2 y-1, respectively, with maximum values for CaC03 in the core 

sections between 25-50 cm, 80-115 cm, and below 150 cm (Fig. 4.7). The 

accumulation rates of Corg, on the other hand, are anomalously high only 

between about 85 cm and 115 cm, near the middle of the core. A strong 

positive correlation, discussed below, occurs between CaC03 and Corg 

accumulation rates in the top 25 cm of these _sediments and between 50-150 

cm. Below 150 cm, the two rates show a weak negative correlation. 

However, because of our limited age constraints below 150 cm, the numerical 

values of accumulation rates below this depth should be viewed with caution. 

Uranium contents and correlation with calcium carbonates 

Uranium-238 occurs in the Ala Wai sediments in concentrations that 

range from about 1 to 26 ppm. These concentrations are unusually high for 

carbonate or siliceous sediments. Surprisingly, U in Ala Wai sediments 
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proportionally covaries with %CaC03 (Fig. 4.8) and, like CaC03, is diluted by 

increases in Corg. We say this is surprising because most carbonates typically 

contain little U. Limestones, dolomites and other sedimentary carbonates are 

generally considered to be among the least uraniferous of all rocks of the 

earth's crust, containing from almost none to up to about 4 ppm (Bell, 1963). 

Foraminiferal calcite, for example, usually contains < 1 ppm, live scleractinian 

corals, composed of aragonite may contain 2.5 - 3.0 ppm, and other marine 

carbonate-secreting organisms contain less than this amount (e.g., Ku, 1965; 

Cross and Cross, 1983; Delaney and Boyle, 1983; Chung and Swart, 1990). 

Similarly, non-skeletal aragonitic carbonates (ooids, peloids, carbonate muds) 

generally contain 1.5 - 3.5 ppm U. We are, at present, unsure which 

carbonate phase(s) (aragonite, magnesian calcite, calcite) in the Ala Wai 

house this U. Figure 4.8 suggests that U may co-occur with all these phases, 

but this suggestion is inconclusive because all three carbonate phases covary 

with one another (Fig. 4.6). The adsorption of U by CaC03 is discussed 

further below. 

Organic carbon/nitrogen 

Different groups of organisms produce organic matter with different C 

and N contents. Organic nitrogen occurs preferentially in proteins and nucleic 

acids which are relatively abundant in phytoplankton and bacteria. 

Autochthonous marine organic matter is therefore characterized by relatively 

low C/N ratios, typically between 6 and 10. Similarly, the mean Corg/N for 

marine plankton is around 6 (Stein, 1991 ). Lignin and cellulose, the dominant 

components of terrestrial vegetation, are relatively nitrogen-poor, so that 
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allochthonous organic matter tends to have higher C/N ratios (Talbot and 

Johannessen, 1992). Thus, these ratios provide some information about the 

composition of the organic matter preserved in the sediments, and the degree 

of mixing of terrigenous and aquatic organic carbon. 

At site G-8, most of the atomic C/N ratios vary between 5 and 10, 

suggesting a mixed marine/terrigenous type of organic matter with a 

dominance of the terrigenous fraction (Figs. 4. 7 and 4.9; cf. Stein, 1991; 

Talbot and Johannessen, 1992). Closer inspection of the values suggests a 

distinct up-core progression in the terrigenous influx (Fig. 4. 7). The sediment 

sequence below 156 cm has a dominantly marine signature with most of the 

C/N ratios clustering around 6. A fairly good correlation between higher 

concentrations of organic carbon and higher C/N ratios suggest that 

terrigenous influx of organic matter has indeed added to the endogenous 

organic fraction (Fig. 4.9, b). Studies by Laws et al. (1993) also indicate that 

the present-day flux of allochthonous organic carbon exceeds photosynthetic 

rates by about 60%. As discussed below, this factor has to be borne in mind 

while interpreting organic carbon signals in the sediment record in terms of 

manna primary productivity. The low C/N ratios of <6 are unusual, and it is 

noteworthy that these values characterize sediments with low organic carbon 

contents (Corg < 1 %; Figure 4.9). C/N ratios for such organic-lean sediments 

may not always be reliable because it is possible that in these sediments the 

bulk of total nitrogen is in the form of inorganic or organic nitrogen-bearing 

compounds (ammonium ions, acetic acid or amines) sorbed by clays (c.f. 

Muller, 19n; Stein, 1991 ). 
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Organic carbon/total sulfur ratios 

The sediment sequence in the back basin of the canal is generally 

enriched in sulfur relative to sediments with comparable organic carbon 

contents deposited under normal marine conditions (cf. Berner and Raiswell, 

1984). A cross plot of total organic carbon versus sulfur shows a general 

linear trend of increase in total sulfur content with increase in organic carbon, 

and an approximately constant C/S ratio close to 1 (Fig .. 4.10). Because of the 

possibility that the uppermost sediments probably have undergone only 

incomplete diagenesis, the top 15 cm of the core was not used in the carbon

sulfur comparisons. The positive sulfur intercept and C/S weight ratios less 

than that for Holocene normal marine sediments would appear to indicate 

euxinic (anoxic, sulfidic) bottom water conditions for the basin (c.f. Berner and 

Raiswell, 1984; Lyons and Berner, 1992); the positive intercept in such cases 

has been attributed to syngenetic pyrite formation in the water column and at 

the sediment-water interface, plus early diagenetic precipitation in the pore 

waters, in a system that shifts from Fe-limitation to C-limitation. However, two 

observations argue against such a possibility ror the Ala Wai back basin. The 

first is that oxygen depletion does not occur during photoperiods at water 

depths shallower than 3 m (Laws et al., 1993). The bottom waters, even 

during peak productivity periods, have around 1 ml 1-1 of dissolved oxygen 

(Gonzalez, 1971) and can at best be described as dysaerobic (cf. Stein, 

1991 ). The second observation is that model II regression analyses (York, 

1966, 1969; Sokal and Rohlf, 1981; also see Laws and Archie, 1981) for the 

C/S data (Fig. 4.10) indicate that the line of best fit does not have a positive 

sulfur intercept but is in fact near-zero. It appears, therefore, that the Ala Wai 
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sediments may bear a near-normal marine depositional signature. However, 

we have not experimentally attempted to determine the proportion of total 

reduced sulfur in the sediments (cf. Canfield et al., 1986 for technique; Emeis 

and Morse, 1990 and Emeis et al., 1991, for application in organic-rich 

sediments). Nonetheless, the relatively high concentrations of sulfur and low 

C/S ratios suggest that, in addition to pyrite, organic sulfur compounds (sulfate 

esters, C-bonded S) and inorganic adsorbed S042- also likely constitute a 

rather substantial sulfur pool in these sediments (c.f. Losher and Kelts, 1989). 

Isotopic composition 

Down-core profiles for the isotopic composition of the carbonates, 

benthic foraminifera and bulk organic carbon are illustrated in Figure 4.11. 

Because the inorganic carbonate fraction in the Ala Wai sediments is an 

intimate mixture of extremely fine-grained calcite, magnesian calcite and 

aragonite, we normalized the isotopic compositions (13C and 18Q) with respect 

to pure calcite, using a mass balance equation: 

where nT, nc, nH and nA. respectively, refer to the weight% of the bulk 

carbonate fraction, low-Mg calcite, high Mg-calcite, and aragonite, and &r. Oc, 

OH and OA represent the respective isotopic compositions. The proportions of 

the various carbonate fractions were determined by X-ray diffractometry, and 

the following isotopic fractionation factors for a temperature of 2?0C (Rubinson 

and Clayton, 1969; Tarutani et al., 1969) were used in the computations: 
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(1) inorganically precipitated magnesian calcite is enriched 

in 1so reJative to pure calcite precipitating under similar 

conditions by 0.06%o per mole% MgC03, and 

(2) relative to pure calcite, aragonite is enriched in 1ao by 

0.6%0 and in 13C by 1.8%o. 

The carbonates in core G-8 exhibit a depth-dependent grouping of o13C 

and <;18Q values (Fig. 4.11 ). The upper half of the sediment sequence (0-100 

cm) is marked by a down-core decrease in o13C, with the o13C value for the 

carbonate fraction at a depth of around 100 cm being 2.2%o more negative 

than in the uppermost sediments. The oxygen isotopic composition of the bulk 

CaC03 between O and 100 cm shows a corresponding general downcore 

increase in o18Q. In contrast, below 100 cm, the carbon and oxygen isotopic 

compositions of the bulk CaC03 tend to covary positively; <;13C and o1BQ both 

increase with depth below 100 cm. 

The carbon and oxygen isotopic compo$itions of the benthic 

foraminifera are more variable than the corresponding values for the bulk 

carbonate fraction, and are spread over a wider range (Fig. 4.11 ). ·The top of 

the·sediment sequence is marked by an overall down-core decrease in o13C 

and a1ao. Between 100 and 150 cm, values of o13C show a progressive 

increase with depth, whereas values of 0180 are relatively constant. Below 

-160 cm, both the isotopic compositions tend to covary again. 

The carbon isotopic composition of bulk organic matter is confined to a 

narrow range of between -22.53o and -23.53o. Between 130 cm and 150 cm, 

the values of o13C show a progressive decrease with depth, corresponding to 

the observed down-core increases in o13C of the bulk carbonate and of the 
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benthic foraminifers in this section of the core. Although not pronounced, the 

carbon isotopic composition of the bulk organic matter in the upper 130 cm of 

the core shows a gradual down-core enrichment in 13C. 

Discussion 

While several studies have been made of trophic conditions in the Ala 

Wai canal based on hydrochemistry and biomass characteristics (c.f. 

Gonzalez, 1971; Harris, 1975; Cox and Miller, 1975; Laws et al., 1993), no 

attempt has been made previously to document the variations in its trophic 

status through time. As explained below, our geochemical analyses of the 

sediment sequence recovered behind the Ala Wai sill reveal a record of long

term changes in productivity trends on which are superimposed short-term 

pulses of varying productivity and evaporation rates. In addition, the data 

indicate two phases of canal eutrophication during the past half century. 

Origin of aragonlte, magnesian calcite and calcite 

We hypothesize that the covariance of aragonite and magnesian calcite 

in the Ala Wai sediments is the result of rapid coprecipitation in response to 

C02 reduction in surface waters as a result of the documented extremely high 

primary productivity in the canal. The appropriate reactions are: 

Photosynthesis: C02 + H20 --+ CH20 + 02 

Carbonate Precipitation: Ca2+ + 2HCO.f --+ CaC03 + C02 + H20 

Net Reaction: Ca2+ + 2HC03---+ CaC03 + CH20 + 02 
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where CH20 represents sedimentary organic matter. This process is 

analogous to marine "whitings" and inorganic CaC03 precipitation in lakes 

(e.g., Wells and llling, 1964; Friedman, 1965, 1993; Kelts and Hsu, 1978; 

McKenzie, 1982; 1985; Given and Wilkinson, 1985; Shin et al., 1989; 

Hollander and McKenzie, 1991; Schelske and Hodell, 1991; Robbins and 

Blackwelder, 1992, 1993; Hollander et al., 1993; Milliman et al., 1993; Morse 

and He, 1993) and apparently takes place in the Ala Wai despite the high 

concentration of dissolved phosphate which tends to inhibit carbonate 

precipitation (e.g., Walter and Burton, 1986). This interpretation of inorganic 

precipitation is supported by the appreciable lack of biogenic carbonate in the 

sediments (i.e., trace benthic foraminifer and sponge spicules), the moderately 

high concentration of carbonate throughout the canal sediments, the fine grain 

size and mixed marine mineralogy of the carbonates, their marked correlation 

with large amounts of uranium scavenged from the marine water column, the 

lack of detectable carbonate in Manoa-Palolo stream sediments, and a 

positive covariance between CaC03 and Corg accumulation rates in portions 

of the core G-8 (see below). Furthermore, analysis of the carbon isotopic 

composition of the total dissolved inorganic carbon (DIC) of water samples 
. . 

collected from the back basin yield a value of -2.49%o. Calcite precipitating in 

equilibrium with this DIC reservoir should have a carbon isotopic composition 

of about -0.5%o (Deines et al. 1974; Anderson and Arthur, 1983), which 

roughly corresponds to the isotopic composition of the carbonate in the 

surficial sediments. In addition to the dominant control exerted by draw-down 

of Pco2, increasing temperature and salinity substantially raises the Pco2 at 

which calcium carbonate nucleation can occur (Morse and He, 1993). Thus, 
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supersaturation may also be favored in this basin during periods of net 

hydrographic deficit, as cations in the surface layer are concentrated and 

dissolved C02 is further removed. As discussed below, it appears that once 

the precipitation of the carbonates is spontaneously initiated, "crystal 

breeding" may take place whereby additional precipitation occurs (e.g., Morse 

and Mackenzie, 1990). 

Berner's (1978) summary of the laboratory precipitation of magnesian 

calcites suggests that only under conditions of extreme saturation with respect 

to calcite (n > 120) do inorganic magnesian calcites with greater than 1 o mole 

% MgC03 precipitate (compare with seawater which is 7 times supersaturated 

with respect to calcite; Morse and Mackenzie, 1990). In addition, it was also 

found that these laboratory precipitates only formed under extremely rapid 

rates of crystallization (in minutes, as with the inorganic whitings reported from 

the Persian Gulf; Wells and llling; 1964) and in almost all runs, high 

magnesian calcite precipitation was accompanied by aragonite, hydrocalcite or 

vaterite. Presumably, these rapid crystallization rates also resulted in 

extremely fine crystallite sizes (e.g., Folk, 1974) i~ the Ala Wai canal. 

Increasing temperature exerts a strong control on increasing the 

coprecipitation of magnesium with calcite (see summary in Morse and 

Mackenzie, 1990). The Ala Wai waters are warm and the magnesium content 

of its sediment calcites is high (ca. 14 mole % MgC03). Harris (1975) and 

Miller (1975) measured Ala Wai surface water temperatures during 1970-1971 

and found them to generally vary between 24oc and 32oc (although much 

lower, anomalous temperatures were occasionally encountered .when 

significant inputs of fresh water covered the canal surface). The surface water 
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temperatures and sediment magnesian calcite mole % MgC03 concentrations 

of the Ala Wai agree well with recent thermodynamic and experimental data 

which suggest that magnesian carbonates containing between about 9 and 14 

mole% MgC03 precipitate within this temperature range (Oomori et al., 1987; 

Burton and Walter, 1987; Mucci, 1987; see Morse and Mackenzie, 1990, for 

summary). Thus, warm surface temperatures appear to have controlled the 

amount of magnesium substitution in the Ala Wai magnesian carbonates. 

Aragonite dominates the carbonate suite and likely is the first and most rapidly 

precipitated carbonate phase (e.g., Walter, 1986; Burton and Walter, 1987). 

Aragonite precipitation will raise the Mg2+/Ca2+ ratio of the waters and we 

suggest that this promotes the subsequent precipitation of magnesian calcite. 

The origin of the low magnesium (1-3 mol % MgCOa) calcite is less clear. 

Some of this may be inorganically precipitated as the precipitation of 

magnesian calcite progressively lowers the Mg2+/Ca2+ ratio of the waters. 

However, the high concentration of Mg2+ in seawater argues against this (e.g., 

Lippmann, 1973; Bemer, 1975) and we suggest that the bulk of this phase is 

likely biogenic, as magnesium-bearing Mi!io!jdae foraminifers (cf. Blackmon 

and Todd, 1959; also see Resig et al., 1995) and calcareous sponge spicules 

(cf. Scholle, 1978), both of which occur in the sediments. 

U Adsorption 

High concentrations of U are typical in reducing sediments, and this is 

also the case for the Ala Wai canal (Fig. 4.8). Veeh (1967) studied U 

deposition in several oceanic anoxic basins and found U concentrations to 

range from 4.8 to 39 ppm. For sediments deposited in the anoxic environment 
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of Pettaquamscutt River in Rhode Island, Mo et al. (1973) found a direct 

proportionality between concentrations of organic carbon and uranium, 

ranging from 7% Corg and 7 ppm U to 14% Corg and 30 ppm U. For the Ala 

Wai sediments, however, we found no covariance between weight 

percentages of U and Corg. 

The manner in which U is enriched in anoxic to suboxic settings is not 

clear. Most studies generally suggest that oxidized, soluble U (VI) species 

([U02(C03)3]4-) are removed from sea water through organic complexation, or 

that U (VI) species flux into pore waters where they are reduced to relatively 

insoluble U (IV) forms and precipitate as a diagenetic mineral (uraninite? 

coffinite?) (e.g., Langmuir, 1978; Nakashima et al., 1984; Cochran et al., 1986; 

Anderson, 1987; Thompson et al., 1990; Barnes and Cochran, 1990), possibly 

in association with sulfate reduction (Klinkhammer and Palmer, 1991: Lovley, 

1993; Lovley et al., 1993). Inorganic precipitation of U02 in association with 

sulfate reduction may be occurring in the Ala Wai sediments and even 

perhaps in the water column as a result of the canal's hypereutrophication. 

Alternatively, U may be sorbed onto rapidly precipitating carbonates in the 

water column, either through direct adsorption, or perhaps as an indirect result 

of scavenging by organic compounds that are themselves adsorbed to the 

carbonates. U sorption on particulates is inhibited by its strong complexation 

with sulfate, fluoride and carbonate (Langmuir, 1978), and it is possible that a 

combination of sulfate reduction and CaC03 precipitation act to strongly 

reduce this sorption barrier in the Ala Wai canal. The strong covariance 

between U and CaC03 (Fig. 4.8) suggests that U adsorption on or into the 

carbonates may be likely, although, as noted above, we are unsure to which 
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carbonate phase the U is most strongly associated. It is possible that, as with 

the incorporation of Na+ and 5042- in rapidly precipitated, distorted 

magnesian calcites (see Busenberg and Plummer, 1989, and references 

therein), the U is adsorbed into the Ala Wai carbonates along lattice 

dislocations and plane defects. Alternatively, Morse et al. (1984) have shown 

through experimental data that, in the presence of CaC03, uranyl-hydroxy 

complexes transform to uranyl-carbonate complexes and that these transitions 

can quantitatively remove U from solution onto a variety of biogenic and 

synthetic carbonate mineral surfaces; these workers also showed that upon 

dissolution, Ca2+ and uranyl-carbonate were simultaneously released in linear 

proportions. More work is needed to quantitatively resolve where and how U 

becomes associated with the carbonates of the Ala Waj canal. 

Assessment of paleoproductivity 

Our hypothesis that the variations in organic carbon and carbonate 

content in the Ala Wai back basin are the result of historical changes in 

primary productivity together with variations i11 the rates of evaporation is 

substantiated by the record of organic carbon and carbonate accumulation 

rates in the sediments and the isotopic ratios of the two forms of carbon. The 

isotopic studies reveal at least two long-term trends in canal eutrophication 

corresponding to the periods represented by the two halves of the 2 m deep 

core G-8. The top 150 cm of the core, comprising of sediments deposited in 

the past 45 years bears, in general, imprints of high productivity as revealed 

by the geochemistry and rates of accumulation of carbonate and organic 

carbon. The mineralogy and isotopic composition of the carbonates in the 
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lowermost 50 cm of the core however, point to a phase of high evaporation 

rates and sustained primary productivity. Superimposed on these long-term 

trends are several short-period oscillations in the accumulation rates of 

CaC03 and Corg, which, we demonstrate, were brought about by historical 

variations in the evaporation-precipitation ratios and fresh water influx into the 

canal. 

Carbonate and C0 rg as indicators of productivity 

Because authigenic carbonate precipitation and Corg preservation in an 

aquatic environment are intrinsically linked to periods of enhanced 

productivity, variations in carbonate and C0 rg contents in a sediment sequence 

may serve as indices of primary productivity. Above, we attributed the 

carbonate content in the sediment sequence to be primarily due to changes in 

physico-chemical conditions and abstraction of C02 from the system during 

photosynthesis and evaporation. Similarly, accumulation of major amounts of 

organic carbon also requires special environmental conditions such as 

increased surface water production, increased preservation rates of organic 

matter and/or rapid burial of organic matter. However, interpretations based 
. . 

solely on organic carbon and carbonate variations are not always 

straightforward. For instance, cross plots of the carbonate content against 

organic carbon show a strong negative correlation for O - 25 cm, 25 - 50 cm, 

and > 150 cm in core G-8 (Fig. 4.12). Such variations may signify (a) dilution 

effects due to either changes in carbonate accumulation rate, Corg rain rate, or 

both, (b) changing carbonate flux due to differences in dissolution rate, or (c) 

fluctuations in productivity (Arthur and Dean, 1991 ). The absence of 
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dissolution features in benthic foraminifers preserved in the sediments (Resig 

et al., 1995) discounts dissolution. Strong dilution effects due to variations in 

influx of terrigenous organic matter are a distinct possibility, especially since 

the C/N ratios for the core indicate that the organic matter is not entirely 

autochthonous. Up-section increases in Corg also correlate well with 

corresponding increases in the terrigenous fraction (increasing C/N ratios) of 

organic matter, as discussed earlier (Fig. 4. 7). Accumulation rates of CaC03 

and Corg (Fig. 4.13), on the other hand, display a strong positive correlation for 

0-25 cm and between 50-150 cm, indicating that the parallel trend in these 

portions of the core could be a direct result of enhanced primary productivity 

(Fig. 4.13 A, C). Because the lack of correlation between CaC03 and Corg 

concentratjons between 50-150 cm tends to discount dilution effects there 

(Fig. 4.12), the covariance in accumulation rates in this interval can likely be 

attributed to variations in productivity. The atomic C/N ratios are also nearly 

constant indicating lack of variation in terrigenous carbon influx during this 

period (Fig. 4.9). The covariance in the accumulation rates in the upper 25 cm 

also suggest recent increases in primary productivity (Fig. 4.13a), despite the 

high C/N ratios in this portion of the core (Fig. 4.7). Further, it is also likely that 

these uppermost sediments have undergone only incomplete diagenesis and 

hence preserve appreciable amounts of labile organic carbon as well. 

Below a depth of 150 cm, the accumulation rates of CaC03 and organic 

carbon are poorly correlated (r = 0.37; Fig. 4.13 D) indicating the possibility 

that at least a part of the carbonate accumulation may be unrelated to 

productivity, despite the relatively low C/N ratios (Fig. 4.7) which suggest a 

predominance of marine organic matter. At least part of this excess carbonate 

231 



0.8 ....--------------.. 0.5 ....-----------------. 
Q) - A. 0-25cm y = - 0.02 + 3.26x R = 0.94 a.> - • B. 25-50 cm 
~';-
c:: (ij 0.6 
0 Q) ·.;::: >
Cl3C\I 

E ~ o.4 
::> (/) 
8 Q) 

~~ 0.2 
...... 

• 

• 

• 0 
0 0.0 ..... '---....._ __ __._ __ __..__ _ ___. 

0.0 0.1 

CaC°-3 accumulation rate 
moles cm·2year -1 

0.2 

4.----------------. 
Q) -~ ';-

...... 
c:: ro 3 
0 Q) 

:;:::; >
roC\I 

-s E: 2 Eo 
::> (/) 
8 Q) 
CIS 0 
oi E ...... 
0 
0 

C. 50-150 cm. • 

1 

CaC°'3 accumulation rate 
moles cm·2year -1 

2 

ro-;-...... ...... 0.4 
c:: ro 
0 Q) 

:;:::; >-
Cl3C\I 0.3 
-s E 
Eo 
::> (/) 
8..92 
ro o 
oi E ...... 

0.2 • 

0.1 • 

• • 

• • • 0 
0 0. 0 .... •__.___..__..__.__..__....._....__. • .__,__.__..__, 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

CaC°-3 accumulation rate 
moles cm·2year -1 

0.22 .----------------. 
Q) 
'§ ';- 0.20 

...... 
§ ~ 0.18 
:;:::; >
~<}' 0.16 
=> E 
§ 0 0.14 
8~ 
CIS 0 0.12 
oiE 

D. > 150cm 

• 0 0.10 
o 

0
_
08 

_______ y_._o_.1....._-_o_.0_2_s_x ..... R_=_o_.3__,7 
0 1 

CaC°-3 accumulation rate 
moles cm·2year-1 

2 

Figure 4.13. Cross plots of accumulation rates of CaC03 vs. Corg for (A) 0-25 cm, (B) 25-50 cm, (C) 50-150 
cm, and (D) >150 cm in core G-8. 



is probably related to aridity and elevated water temperatures during the 

deposition of this unit (see below). In addition, we further speculate that 

CaC03 accumulation rates rapidly outpace organic carbon accumulation rates 

in this portion of the core because of high rates of spontaneous carbonate 

precipitation and crystal breeding, whereby first-precipitated crystals in the 

water column act as templates for additional crystallization and thus reduce 

the saturation barrier (see Morse and Mackenzie, 1990). This process is 

directly analogous to speeding chemical reactivity and crystal growth in the 

laboratory through the addition of seed crystals. 

Our conversion of core depths to time, as based on Cs-137 ages and 

assumed sedimentation rates (see above), is illustrated in Figure 4.14, which 

contrasts historical trends in rainfall and mean annual temperature in Honolulu 

with the accumulation rates and isotopic results described above. This figure 

suggests, at first, a rather poor correlation between climate variations and the 

observed oscillations in carbonate and organic carbon accumulation. The high 

CaC03 accumulation rates at the base of the core below 150 cm 

(corresponding to the years 1935-1947), for ~xample, appear to occur 

throughout a change from high to low rainfall. State-wide temperature trends 

(Nullet, 1993), however, show general maxima between 1935-1945 and 1970-

1985, and these times generally correlate with elevated CaC03 and Corg 

accumulations in core G-8 (Fig. 4.14). In particular, the period from 1974 to 

1991, one of relatively high ambient temperatures and aridity, appears to 

correspond to the rapid annual fluctuations in the accumulation rates of 

CaC03 and Corg, observed in the top 50 cm of core G-8 (Fig. 4.14). The high 

accumulation rates centering between about 1958 and 1964 (between 112 cm 
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and 64 cm) appear to straddle a period of low rainfall and occurs during the 

onset of a major increase in mean annual temperatures (Fig. 4.14). The 

relative aridity and the attainment of thermal stratification in the basin during 

these different time periods are further corroborated by the isotopic 

composition of the benthic foraminifera as discussed below. 

Isotopic composition 

Bulk analyses of the carbon isotopic composition of primary and 

diagenetic carbonates can provide valuable information about basin 

productivity and diagenetic conditions (e.g., Stuiver, 1970; Anderson and 

Arthur, 1983; McKenzie, 1985; Hollander, 1989; Talbot and Kelts, 1986, 1990; 

Hollander et al., 1992, 1993; Talbot, 1990; Schelske and Hodell, 1991). The 

isotopic composition of carbon in authigenic carbonates precipitated from 

surface waters is primarily dependent on the isotopic composition of surface 

water dissolved inorganic carbon (DIC) and to a lesser extent, on temperature 

(0.08%ol°C); the former in itself is a complex function of several equilibrium 

and kinetic fractionation reactions associated with_ photosynthesis/respiration 

cycles, exchange rates with atmospheric C02 and the composition of the 

water source (Stiller and Hutchinson, 1980). Phytoplankton populations 

preferentially incorporate isotopically light carbon for photosynthesis, causing 

the residual DIC in the surface water to become enriched in 13C. Hence, 

because primary carbonates are a by-product of photosynthetic activity, it 

follows that as the 13C content of the surface water DIC increases during 

periods of phytoplankton blooms, the ~13C of any carbonate that precipitates 

in isotopic equilibrium with the DIC pool also increases correspondingly. This 
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effect may be heightened in thermally stratified water systems where recycling 

of the 13C-depleted inorganic carbon from the decomposition of organic matter 

is inhibited (McKenzie, 1985). Thus, a significant and abrupt increase in the 

o13C of the primary carbonate record could be indicative of the attainment of 

thermal stratification while a gradual increase in o13C might mean progressive 

eutrophication of a stratified basin (Stiller and Hutchinson, 1980; Bein, 1986). 

Productivity variations in poorly stratified or non-stratified basins are, however, 

more difficult to discern from the carbonate isotopic records. 

Against the above background, let us now examine the variations in 

the amount and isotopic composition of the carbonates, benthic foraminifers 

and organic carbon. A major change is observed in the o13C record of the 

carbonate fraction at ca. 100 cm (a. 1959) in core G-8, where it reaches its 

lowest value of -3.2%o (Figs. 4.11 and 4.14). Below this depth, the carbon 

isotopic values decrease up-section by nearly 5%o while, above this, the values 

gradually increase towards the top of the core (Fig. 4.11 ). The gradual 

increase in o13C in the top half of the core indicates a progressive 

eutrophication of the basin since 1959, as outlined above. Values of o13C of 

benthic foraminifera in the sediment sequence above 100 cm also show an 

up-core enrichment in 13(; since 1959, reflecting the basin's eutrophication 

through time. Furthermore, these values are markedly more negative than the 

corresponding o13C values of the bulk precipitates, indicating a 12c-enriched 

bottom-water DIC pool relative to the surficial waters, and therefore the 

persistence of basin stratification during this period (Fig. 4.11 ). In contrast to 

the up-core increases in o13C of the carbonates and of the benthic 

foraminifers, the carbon isotopic composition of the bulk organic matter in the 
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top half of the core shows an overall up-section depletion in 13C, which 

suggests a gradua~ increase in the relative contribution of 13C-depleted 

terrigenous organic matter. As noted previously, C/N ratios for this section of 

the core also indicate an up-core increase in the terrigenous fraction of the 

organic matter (Fig. 4. 7). 

The carbonate mineralogy and accumulation rates of CaC03 and 

organic carbon in the sediment sequence below 100 cm reveal two distinct 

phases in the earlier evolutionary history of the Ala Wai back basin. While the 

sediments between 150 and 100 cm bear the normal imprints of sustained 

biological productivity (i.e., positive correlations between CaC03 and Corg 

accumulation; Fig. 4.13), below 150 cm CaC03 and Corg accumulation rates 

do not co-vary and there the variations in carbonate mineralogy (high 

magnesian calcite and aragonite contents; Fig. 4.6) and high CaC03 

accumulation rates (Fig. 4. 7) primarily reflect higher water temperatures. The 

carbon and oxygen isotopic compositions of the carbonates and of the benthic 

foraminifera (Fig. 4.11) provide further insight into these processes. An up

section decrease in o13C of the carbonate fraction between 150 arid 100 cm 

(Fig. 4.11) reflects a progressive decrease in the o13C of the water column 

DIC, brought about by either a decrease in primary productivity between ca. 

1947 and 1959, from a greater contribution of oxidized organic carbon to the 

DIC pool, or from a freshening of the surface waters. The accumulation rates 

of CaC03 and organic carbon (Fig. 4.14), however, co-vary and are nearly 

constant over a greater part of this interval and show a dramatic increase 

between 1957 and 1959, signifying a short period of intense productivity at the 

end of this interval. The carbon isotopic composition of the bulk organic 
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matter also shows up-core enrichment in 13C between 150 and 100 cm, 

suggesting a progressive increase in primary productivity. In addition, the 

difference between the o13C of the authigenic carbonates and benthic 

foraminifera (~ o13Ccalcite-benthic torarnnifera) gradually increases with time from 

-0.82°.k in 1949 to 2.47'%o in 1959 (Fig. 4.14). This increase in the isotopic 

gradient between the surface water precipitates and the benthic foraminifera 

records the gradual development of stratification over this time interval and 

generally argues against the notion the 513C decrease in bulk carbonates is 

due to inputs from oxidized organic carbon. Taken together, these factors 

indicate a stratified basin and discount a waning of productivity as the cause 

for the observed up-core o13C decrease in bulk carbonates between 150 and 

100 cm (Fig. 4.11 ). As we discuss more fully below, we attribute a progressive · 

decrease in the o13C to a progressive freshening of the basin through the 

1940s and 1950s. 

Cross plots of o13C of the carbonate fraction normalized for pure calcite 

against the corrected oxygen isotopic compositions reveal two distinct and 

opposing trends for the upper and lower halves of the core G-8, indicating a 

change in basin hydrology that occurred about 1959 (Fig. 4.15). Before 1959 

(below 100 cm depth; Fig. 4.15a), a very strong positive correlation between 

o13C and o1BQ of the calcite is obvious. Such covariance is characteristic of 

closed basins and has been attributed to isotopic evolution of waters due to 

changes in evaporation and water residence times (Talbot, 1990; Talbot and 

Kelts, 1990). In hydrologically open basins with short residence times, the 

isotopic composition of the water will differ little from that of inflow. In contrast, 

as the residence time of water increases (in closed basins), evaporative 
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concentration may lead to increasing 51ao values, both for the water and for 

any carbonates precipitating in equilibrium with it (Fontes and Gonfiantini, 

1967; Talbot, 1990; Leyden et al., 1993). Similarly, in such basins with a 

negative water balance, evaporative losses also result in a preferential 

outgassing of 12co2, and consequently a 13C enrichment in the remaining 

water. Any primary carbonate precipitating in isotopic equilibrium from such 

evaporative-loss waters will therefore show increasing 513C values depending 

on the intensity of 13C enrichment of the DIC pool. 

a1so and o13C of bulk carbonates are positively correlated below 100 

cm in core G-8, with a progressive decrease in both of these isotopes between 

the years of ca. 1942 and 1959 (Fig. 4.1 Sa). This trend is the opposite of that 

predicted for closed basins undergoing progressive evaporation described 

above. Because the development of the Ala Wai sill during this time frame 

likely caused increased restriction of the back basin, this result at first appears 

counter-intuitive. However, unlike lakes, which may undergo progressive 

evaporation upon becoming closed basins, the Ala Wai back pasin likely 

became less saline as sill development commenced. Thus, because of this 

opposite effect of decreasing salinity upon closure, and because local 

rainwaters have more negative a1so and a1Jc values (ca. -4%o and -7°k, 

respectively) than do seawater (ca. 0%o and 0%o, respectively), we attribute the 

progressive decreases in o18Q and o13C of the Ala Wai carbonates between 

1942 and 1959 to a progressive freshening of the back basin over this time 

period. Two factors seem to have likely caused this freshening: (1) the buildup 

of the sill, which isolated the back basin from the ocean, and (2)-the rapid 
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development of urbanization and consequent runoff from Waikiki and 

surrounding catchments. 

In contrast to the above, the o18Q/o13C values of bulk carbonate from 

the upper 100 cm of core G-8 (Fig. 4.15 b) indicate a less closed basin. The 

sill was dredged in 1966 and 1978. Following the 1978 dredging (Fig. 4.15 b), 

the development of open basin conditions in the Ala Wai canal is reflected in a 

negative correlation between the carbon and oxygen isotopic compositions of 

the carbonate fraction (Figs. 4.11 and 4.15 b). It is also interesting that our 

geochemical studies point to a progressive development of eutrophic 

conditions in the canal beginning after 1978. We contend, therefore, that after 

the last dredging of the canal, a major phase of gradually increasing 

productivity began the early part of the last decade, and has been continuing 

ever since. 

Conclusions 

Variations in geochemistry and carbonate mineralogy of the sediments 

cored from the hypereutrophic Ala Wai canal point to a record of historical 

changes in biological productivity and evaporation-precipitation ratios during 

the past ca. 64 years of the canal's existence. In addition to the high 

percentages of detrital components in the canal, relatively high concentrations 

of organic carbon (ca. 1-8%), calcium carbonate (ca. 6-68%), and abundant 

diatom tests and pyrite characterize the sediment assemblage in this estuary. 

The carbonate fraction is an intimate mixture of aragonite (ca. 2-25%), 

magnesian calcite (ca. 1-38%) and calcite (0-11 %). The covariance of 
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carbonate in the sediments appears to be a direct result of rapid 

coprecipitation of aragonite and magnesian calcite in response to C02 

abstraction from the aquatic system during periods of intense photosynthesis 

and evaporation. The accumulation of authigenic carbonates may also be 

heightened by further and more rapid carbonate precipitation (crystal 

breeding) on the freshly precipitated crystals. A mixed marine/terrigenous 

type of organic matter with a general dominance of the terrigenous fraction is 

characteristic of the entire sediment sequence in the back basin. Although the 

sediments display a near-normal marine depositional signature, a higher 

enrichment in sulfur relative to comparable lithologies from the marine realm 

points to a possible abundance of organic sulfur and inorganic adsorbed 

sulfate phases in the sediments. The record of organic carbon and carbonate 

accumulations in the sediments, the carbon and oxy~en isotopic compositions 

of the carbonate fraction and of the benthic foraminifera, and variations in 

carbonate mineralogy reveal three long-term tr.ends in the trophic status and 

water-mass stratification of the back basin, corresponding to the periods 

between ca. 1935-1947 (sediments below 150 cm), 1947-1959 (150 to 100 

cm), and after 1959 (<100 cm). Superimposed on these long-term trends are 

several short-term pulses of inter-annual variations in basin productivity, which 

might be related to brief climatic fluctuations. 

Below 150 cm, the anomalously high magnesian calcite and aragonite 

contents in the sediments, the relatively high accumulation rates of CaC03, 

and a weak negative correlation between CaC03 and Corg accumulation rates 

point to a phase of relative aridity and elevated water temperatures during the 

deposition of this unit. This conclusion is further substantiated by the 
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maximum enrichments in the heavy isotopes of carbon and oxygen of the bulk 

carbonate fraction in this interval, compared to the other sections of the core. 

A predominance of autochthonous organic matter in these sediments also 

invokes sustained levels of biological productivity during this earlier period. 

The period between 1947 and 1959 (core G-8, 150 cm to 100 cm), 

represents an interval of sustained biological productivity as reflected in the 

uniform rates of accumulation of CaC03 and Corg and their positive 

covariance. An increase in the isotopic gradient between the surface water 

carbonate precipitates and the benthic foraminifera recorded between 150 cm 

and 100 cm documents the development of water-mass stratification during 

the 1950's. The very strong positive covariance in the o13C and a1so of the 

carbonates in the entire lower half of core G-8 (100-200 cm) reflects a 

progressive freshening of the back basin between 1943 and ca. 1959. The 

development of this basin hydrography is related to the rapid development and 

growth of the sedimentary sill at the mouth of the Manoa-Palolo drainage 

canal and increased urbanization with consequent increases in fresh water 

runoff into the canal. 

The third long-term trend in the evolutionary history of the Ala Wai back 

basin is represented by a phase of increasing productivity and eutrophication 

of the basin since ca. 1959, as reflected in the geochemistry of the sediments 

above 100 cm. The relatively high contents of CaC03 and Corg and the 

overall good positive correlation between the accumulation rates of these two 

forms of carbon testify to a period of elevated levels of productivity. The 

gradual up-section increase in values of o13C of the carbonate arid benthic 

foraminifer fractions indicates the progressive eutrophication and water 
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column stratification in the back basin of the canal over the past 20 years. The 

progressive decrease in the o18o of bulk carbonates over this same interval 

again records the renewed build-up of the canal's sediment sill and the 

consequent freshening of the back basin behind it. 
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CHAPTER 5 

CONCLUSIONS 

Despite their vast differences in terms of geographic location, size, 

basin morphology and water chemistry, the non-biogenic carbonate-rich 

sequences in the two restricted basins - the Plio-Pleistocene Black Sea and 

the modern Ala Wai canal- are strikingly similar in certain respects. 

Geochemical signatures preserved in the sediments of both the basins point to 

a record of periodic fluctuations in biological productivity and hydrological 

balance brought about by short-and long-term climatic perturbations. The 

sediment sequences in the two basins are also diverse in terms of carbonate 

mineralogy. However, whereas the carbonates in the Ala Wai sediments are 

an intimate mixture of aragonite and magnesian calcite, sequences rich in 

either low-Mg calcite or siderite dominate the Plio-Pleistocene Black Sea 

section. Besides being reflective of variations in hydrochemistry, climate also 

appears to have been a major forcing function in controlling the observed 

differences in carbonate mineralogy. The role of climate in modulating the 

precipitation of primary carbonates is particularly noteworthy in the Black Sea, 

where deposition of two thick units of siderite-rich sediments separated by 

nearly 200 m of non-ferroan carbonates points to the recurrence of similar, 

warm and humid climatic conditions favoring the influx of iron-rich waters into 

the basin. 

The two Chalk units in the Plio-Pleistocene Black Sea sedimentary 

section are characterized by several rhythmically deposited, cm-to-dm thick 

marl-chalk couplets marked by varying amounts of carbonate and organic 
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carbon contents. Covariant increases in carbonate and organic carbon 

contents and o13C values of the carbonate fraction from the basal marl to the 

overlying chalk in every studied couplet indicate that the carbonate phases in 

these cycles are a direct result of biogenically-induced inorganic precipitation 

from the water column, analogous to the processes observed in modern 

freshwater lacustrine systems. Organic carbon-sulfur relationships and the 

presence of freshwater diatom assemblages in the sediments suggest that the 

Black Sea aquatic system during the Plio-Pleistocene times was dominantly 

fresh water in nature, and that the Corg-Fe-S coupling in the basin was largely 

limited by the avalilability of sulfur. The presence of bioturbation features at 

the contacts between the couplets is a strong evidence in favor of the primary 

nature of the carbonates. Petrographic characteristics and geochemical 

considerations also discount deposition of the couplets under different stages 

of diagenetic alteration. However, calculations based on the carbonate 

content and average thickness of the couplets indicate that primary 

productivity variations by themselves could not have resulted in the observed 

cyclicity. The calculations also demonstrate the importance of systematic 

variations in terrigenous flux in promoting the cyclic deposition of the 

carbonate couplets. Such fluctuations were modulated by climate, as 

evidenced by the oxygen isotopic signatures in the couplets, and the pollen 

and diatom records preserved in the sediments. Geochemical evidence 

indicates that the chalk half-couplets represent deposition during periods of 

intense warmth and consequent aridity in the hinterland. In contrast, the marl 

half-couplets reflect interludes of warm and wet climatic conditions. During 

periods of arid climatic conditions, terrigenous flux to the basin would also 
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have been limited. This is reflected in the decreased thickness of the chalk 

half-couplets relative to the marls. Lower evaporation/precipitation ratios and 

increased runoff characterized the warm, humid climatic conditions during marl 

deposition. 

The Upper Chalk cycles also reflect short-term climate-modulated 

rhythmic variations in primary productivity and terrigenous flux into the basin. 

However, in contrast to the Lower Chalk cycles, the arid conditions during the 

deposition of chalk half-couplets in the Upper Chalk sequence appear to have 

been brought about by the overall cold climatic conditions. The marl beds 

underlying the chalks in this unit represent deposition during relatively warm 

and humid periods. 

Calculations based on the details of the different cycles delineated in 

the Lower Chalk unit, together with information on the paleomagnetic 

stratigraphy of the sediments, indicate that these cycles do not reflect the 

orbital signals of the Milankovitch frequency band. However, considering the 

alternating "dry" and "wet" signatures preserved in the cycles, and their short

frequencies (ca. 4200 years) of recurrence, it is hypothesized that these cyclic 

occurrences may be reflective of quasi-periodic short-term climate forcing, 

analogous to the interstadial climatic cycles recorded in the ice cores and 

sediments of the last glaciation. 

Interludes of relatively warm and humid climatic conditions in the Black 

Sea and hinterland areas were most conducive for siderite deposition in the 

basin. The thermodynamic model developed for the origin of siderites in the 

Black Sea sequences also stresses that climate was the chief forcing function 

in transforming the calcite-precipitating water masses of the basin into one of 
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siderite precipitation during interludes in the basin's Plio-Pleistocene history. 

the studies demonstrate that if the climatic conditions were favorable for 

significant influx of reduced or complexed iron into the basin, from a feedwater 

approximating in chemistry to the present-day Satilla drainage system, nearly 

pure iron carbonate phases can precipitate out by a simple process of 

evaporative concentration of the waters. Besides constraining the conditions 

of siderite precipitation in the Black Sea, the model also indicates that siderites 

are a distinct possibility in fresh water lacustrine environments which are 
' 

marked by annual productivity cycles, thermal stratification, anoxic bottom 

waters, and an adequate supply of iron. 

Petrographic, mineralogical and geochemical investigations of the 

sediment cores from the Ala Wai canal reveal a record several short-term 

pulses of inter-annual variations in biological productivity and consequent 

variations in primary carbonate deposition. Superimposed on these small

scale perturbations are three long-term trends in the trophic status of the 

canal's back basin, which can be related to the development of the 

sedimentary sill at the mouth of the Manoa-Palolo drainage canal and 

variations in fresh water runoff in to the basin. 
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APPENDIX A 

SITE 380A DETAILED CORE DESCRIPTIONS OF UPPER AND LOWER 

CHALK UNITS 

UPPER CHALK UNIT 

(CORES 13-34) 446.5 m · 644.5 m 

Core 14-3 (459 m - 460.5 m) 

Depth (cm) Description 

0-6 

6-14 

14-18.5 

18.5-23.2 

Cycle; Upper chalk -2.Scm. Lower clay -2cm. 

Cycle; chalk is 5.Scm Contact at 11.5 cm 

Cycle; As below (last 2 cycles are same as those appearing 

down section). 

Cycle; dark grey lower unit .White chalk at top.Thick bioturbation 

zone.Chalk 2cm. 

23.2-26.8 Red/Brown Marl laminated at base; bioturbated from above at 

26.8-27 

27-28 

top. Abrupt basal contact. No apparent size sorting. 6 varves 

per cm. 

Bioturbated marl. Chalk in cycles below. Abrupt upper contact 

with quite different lithology. Suggests erosional contact. 

Same as below; chalk .9cm. 6 complete cycles present over 

lOcm. 
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28-30 

30-31.5 

31.5-33.5 

33.5-35 

35-37.5 

37.5-47 

47-51 

51-53 

53-54 

54-57 

57-58.5 

58.5-64 

64-66.7 

66.7-69 

69-74 

74-78.5 

78.5-82 

82-85 

85-91 

Same as below. Chalk is 2cm. Upper contact appears plainer. 

Same as below; bioturbated or disrupted chalk at top. Chalk 

1.2cm. 

Same as below; upper contact definitely bioturbated. Chalk 

1.Scm. 

Same as below. Chalk .7cm. 

Same as below. Chalk 1 cm. 

Same as below. Basel contact bioturbated (for sure!} Upper 

chalk 5.Scm. Clear bioturbation zone 2cm. 

Same as below. 

Same as below. No bioturbation at base. Chalk 2cm. 

Same as below. 

Same as below; abrupt basel contact. 

Same as below; entire unit bioturbated. Upper chalk .6cm. 

Same as below. Upper chalk 3cm. 

Same as below; no apparent bioturbation at base. Upper chalk 

1cm. 

Same as below, but no bioturbation at base. Chalk 1 cm. 

Same as below, upper chalk 3.5 cm. 

Same as below, chalk 2. cm. 

Same as below, upper chalk 1.2 cm. 

Same as below, upper chalk from 83.5-82.0 cm. Basal contact of 

cycle bioturbated. 

Same as below, grey/red brown contact at 88.Scm. Basal contact 

of cycle bioturbated into interlying unit. Upper chalk really grey 
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to white. Sample M-1=86-87cm (chalk); M-2=89-90cm (basal 

marl). 

91-92 Ditto.top is darker then those below. 

92-93.2 Grey brown marl 

93.2-94 Terra brown marl. 

94-96 Grey brown marl 

96-97 Terra brown; same as below. Sample BS-175=95-98 

97-106 Same as below 

106-107.5 Same as below; terra brown color. 

107.5-114 Olive brown; poorly laminated to bioturbated marl. 

114-126.5 Void. 

126.5-131.5 Grey brown chalk; lower contact transitional with bioturbation of 

grey chalk into underlying brown marl. 

131.5-134 Terra brown; highly calcareous mudstone. Lower contact abrupt. 

134-149 Structureless white to grey chalk .. Samples BS-173=136-137, 

BS-172= 143-145cm. 

DETAILED CYCLES FROM SECTION 14-3: 

Cycle p 

Cycle G 

D-1=3-4cm in bioturbation zone. 

D-2=1.5-2.Scm in chalk. 

G-1=19-20cm in chalk. 

G-2=21.5-22.5 in lower marl. 

Cycle H=47-37.5cm 
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H-1 =38-39cm in upper most chalk. 

H-2=42-43cm in lower chalk. 

H-3=43-44cm in bioturbation zone. 

H-3(4 ?)=45.5-46.Scm in lower marl. 

Cycle J=59-64.5cm: 

Cycle K: 

J-1 =59-60cm in upper chalk. 

J-2=63-64cm in base-laminated. 

J-3=28.5-29.Scm in chalk only. 

K-1 =64-65cm in upper chalk. 

K-2=65-66cm. 

Cycle L= 69-74cm: 

L-1=70-71cm in upper most chalk. 

L-2=71-72cm in middle chalk. 

L-3=73-74cm in marl base. 

Core 14-4 (460.5 m -461.5 m) 

3.5-28 White to grey nearly pure chalk; dark brown layer at 14cm-1 cm 

thick. Looks like marl of basal portion of 14-3 cycles. BS-

176=26-

28-100 

100-128 

128-135 

135-150 

27cm (white chalk). 

Void. 

Grades up to almost pure chalk: several faint cycles a few cm 

each. 

Dark OM rich marl. 

Brown marls with faint cycles as below. 

252 



Core 14-5 (462 m -463.5 m) 

0-15 Void. 

15-20 

20-75 

75-90 

90-124 

124-149 

Light brown marl. 

Dark organic rich shales containing multiple indistinct cycles with 

interbeded chalks. Shales are weakly effervescent in HCI. 

Light brown marl; several indistinct cycles. 

Void. 

Brown marl grading up to chalk. Looks like the "laminated" 

variety. 

Sjte 380A: Core 14-6: 

R-1=130-132cm in black mud at base of cycle. 

R-2=128cm in overlying carbonate chalk. 

R-3= 16-1 Bcm in rust brown carbonate at top of unit. 

(This unit is 40-0 overall and contains 1 O faint cycles). 

Sjte 380A: Core 15-2: 

Q-1=87-89cm in black mud. Laminated. 

Q-2=43-44cm in laminated chalk. 

Q-3=29-30cm in black laminated mud. 

Q-4=4-Scm in black laminated mud. 

Core 34-2 (638.0 m - 639.5 m) 
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0-80 

80-150 

Intercalated bedded structureless marl Whole core shows 

slumping 

As below (same as top of 34-3). 

Core 34-3 (639.5 m -641 .0 m) 

0-30 As top of 34-5; with faint finely laminated organic-rich clay. 

30-150 As top of 34-5 

Core 34-5 (642.5 m -644.0 m) 

0-75 Marl displaying bedding throughout. Distorted due to slumping. 

75-108 Brown clays; bedding distorted due to slumping. Some dark 

interbeds. 

108-149 Sapropel; BS-171 =113-116. 

LOWER SIDERITE INTERVAL (IVA) = CORES 35-42 

LOWER CHALK UNIT 

(CORES 43-55) 722.0 m -850.3 m 

Core 49-4 (783.0 m - 784.5 m) 

0-24 Structureless marl 

24-26 Laminated chalk intercalated with structureless marl 

26-31 Structureless marl; lower contact transitonal. 

31-34 Laminated chalk with structureless marl. Lower contact 

transitional. 
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34-37 

37-39 

39-42 

42-44 

44-51.5 

51.5-58 

58-62.5 

62.5-66 

66-70.5 

70.5-73 

73-77 

77-81 

81-88 

88-90 

90-94 

94-99 

99-102.5 

102.5-106 

106-110 

Structureless marl 

Laminated chalk-upper contact transitional. 

Structureless marl 

Laminated chalk 

Structureless mar 

Unexposed due to sampling. 

Structureless marl 

Laminated chalk. 

Structureless marl 

laminmated chalk 

Structureless marl 

laminated chalk 

Structureless marl 

Unexposed. 

Laminated chalk; BS-170=90-93. 

Unexposed. 

Structureless marl. (SCHRADER '79 MARINE SPILL AT 

100CM) 

Laminated chalk with intercalated structureless marl 

Structureless marl; BS-169= 107-1 09. 

110-114.5 Intercalated structureless marl 

114.5-118.5 Structureless marl 

118.5-121 Laminated chalk. 

121-125.5 Structureless marl 

125.5-126 laminated chalk. 
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126-131.5 

131.5-133 

133-138 

138-143 

143-150 

Structureless marl 

Laminated chalk. 

Structureless marl-possible nodule at 134cm. 

Laminated chalk; BS-168=140-141cm. 

Structureless marl 

Core 49-5 (784.5 m - 786.0 m) 

0-2.5 Laminated chalk; top 30 cm poorly exposed due to sampling. 

2.5-6 Structureless marl 

6-9 

9-17 

17-17.5 

17.5-20.5 

20.5-21.5 

21.5-25.5 

25.5-27.5 

27.5-34.5 

34.5-37 

37-39.5 

39.5-45.5 

45.5-50 

50-61 

61-71 

71-77.5 

77.5-83 

Laminated chalk. 

Structureless marl 

Laminated chalk. 

Structureless marl 

Laminated chalk. 

Structureless marl 

Laminated chalk. 

Structureless marl with laminated interbeds. 

Laminated chalk. 

Structureless marl 

Laminated chalk. 

Laminated marl- poorly exposed. 

Void due to sampling. 

Laminated chalk-possible siderite concretion at 64-65cm. 

Structureless marl 

As below. 
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83-88 

88-92 

92-97 

97-105 

105-108 

108-109.5 

As below. 

As below. 

Classic SM-SC cycle-poorly exposed. 

Classic SM-SC cycle-poorly exposed. 

Laminated marl; .3cm chalky stringer at top. 

As below; chalk . 7cm. 

109.5-112.5 As below; chalk .6cm. 

112.5-116 As below- chalk is .3cm; well laminated basal marl with basal silt. 

116-120 

120-123 

As below-chalk is 2.4cm with .4 Structureless marl intercalations 

at top. 

As below-chalk is 1 cm thick with 1 mm marl intercalation in 

center. 

123-125 Classic SM-SC cycle-chalk .3cm. Laminated base up to 

bioturbation. No apparent basal silt. 

125-129.5 Similar to below 129.5-127-Structureless marl; 127-125.5-Well 

laminated marl-upper chalk .6cm bioturbated base. 

129.5-134 Classic SM-SC cycle- laminated basal marl lower 2.5 cm. 1 mm 

basal silt. Upper chalk 1 .2cm. Slightly bioturbated at base; 

appears bioturbated throughout. Sharp upper contact. 

134-135 Laminated marl. Again, classic SM-SC cycles, but basal marl is 

·1aminated. Structureless marl slightly bioturbated at top, but no 

chalk. 

135 Base of core. 

Core 50-1 (788.0 m - 789.5 m) 
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0-72 Void 

72-76 Dessicated structureless marl 

76-79 Dessicated laminated chalk. 

79-86 Structureless marl 

86-95.5 Light grey Marl with some bedding. 

95.5-96.5 Faint bedding-light grey marl. 

96.5-100 Structureless marl with well laminated base. 

100-101.5 Laminated chalk with medial Structureless marl stringer. 

101.5-103.5 Structureless marl 

103.5-104 Laminated chalk with sharp contacts; 8S-167=103.5-104. 

104-107 Transitional unit-upper chalk has diffuse upper boundary into 

structureless marl; 8S-166=107-108 (chunk for thin-section and 

isotope). 

107-115.5 Classic SM-SC cycle; upper chalk 1.Scm. Upper chalk is 

laminated. Lower most 3cm of marl is well laminated. BS-

164=113.5-114.5; 8S-165=111-112. 

115.5-121 Classic cycle; chalk is 1.4cm. Lower marl is very well laminated. 

8S163=116-117 (upper chalk). Top of classic cycle=116-117cm. 

8S-162=117-118 (including burrows); 8S-161=118.5-119.5. 

121-123 Classic cycle; chalk 1.0cm. Note: there are minor chlk laminae 

1/10th mm thick in lower structureless marl about .5cm apart. 

123-125 Classic SM-SC cycle-chalk .Scm. 

125-127.5 Classic SM-SC cycle-chalk .3cm. 

127.5-129.5 Classic SM-SC cycle-chalk .3cm. 
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129.5-133 Classic SM-SC cycle-chalk .6cm. 

133-134.5 SM-SC cycle-chalk is 1.2cm. 

134.5-135 Laminated chalk stringer with sharp contacts. 

135-145.5 Laminated marl 

145.5-146 Laminated chalk. 

146-150 Structureless marl 

Core 50-2 (789.5 m - 791.0 rn) 

0-12 

12-14.5 

14.5-16.5 

16.5-17 

17-26 

26-29.5 

29.5-30 

30-33 

33-35 

35-39 

39-40.5 

40.5-44.2 

44.2-44.5 

44.5-48.5 

Structureless marl,but again hard to read. Possible chalk 

stringers 7.5 and 3.Scm. BS-160=2-3. 

Laminated chalk. BS-159= 13-14cm. 

Dark shale; Grundgy due to sampling. 

Laminated chalk. 

Structureless marl, but grundgy due to sampling. 

Structureless marl 

Finely laminated chalk 

Structureless marl 

Structureless marl 

Structureless marl; BS-154=36-37.5 

Finely laminated chalk 

Structureless marl 

Laminated chalk. 

Structureless marl 

SCHRADER MARINE SPILL AT 50-2, 50CM (790M) 
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48.5-61 

61-64.5 

64.5-68.5 

68.5-72 

72-74.5 

74.5-80 

80-84 

84-87 

87-88.5 

88.5-89.5 

89.5-92 

92-92.5 

92.5-95 

95-95.5 

95.5-99 

99-100 

100-103 

103-103.5 

103.5-106 

106-107 

107-107.5 

Poorly exposed, but looks like structureless marl from 61-59; 

Laminated chalk 59-57; Structureless marl 57-55; Laminated 

chalk 55-48.5. BS-155=49-SO(note: Marine spill). 

Structureless marl 

Laminated chalk. 

Structureless marl 

Laminated chalk. 

Unexposed because of sampling. 

Laminated chalk with structureless marl stringer at base. · BS-

156=81 82(1arge plug). 

Structureless marl 

Laminated marl. 

Laminated chalk. 

Structureless marl 

Laminated chalk. 

Structureless marl 

Laminated chalk. 

Structureless marl 

Laminated chalk with structureless marl stringer in center. 

Structureless marl 

Laminated chalk. 

Structureless marl 

Laminated chalk. 

Laminated marl; BS-158=107.5-108.S(in chalk of upper part of 

cycle). 
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107.5-113 As below; chalk is .Scm. BS-157=111-112(in lower structureless 

marl). 

113-114.5 As below. 

114.5-121 As below; upper chalk 2.2cm. 

121-126.5 Ditto as below; chalk is Scm lower. Structureless marl portion 

0.5cm. 

126.5-129 Cycle as below, except chalk (1cm) displays abundant evidence 

of burrowing. 

129-142.5 Poorly exposed due to sampling, but expect several small 

cycles. GCA= 134-137. 

142.5-150 Top portion of classic type structureless chalk/marl type chalk is 

3.5cm-burrowed at base. 

Core 50-3 (791.0 m - 792.5 m) 

0-1.0 Laminated marl 

1-6.5 Structureless marl 

6.5-11 Laminated chalk. 

11-'19 Structureless marl-laminated at base. 

19-29.5 Very poorly exposed structureless marl; maybe a concretion 

(side rite?). 

29.5-31 Laminated varved type WIB; maybe 3 varves-hard to tell. 

31-70 Shale; fissile desicated-highly calcareous in HCI: .2mm 

carbonate stringers at 65;62;50;47.5;43;and maybe 36cm. 

70-100 Pretty bad, but looks mostly like shale. 

100-150 VOID 
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Core 50-4.50-5.aod 50-6 (792.5 m - 797.5 m) 

Cores void. 

Core 51-1 (797.5 m - 799.0 m) 

0-4 Structureless marl 

4-6 

6-11.5 

11.5-13 

13-16 

16-21 

21-23 

23-25 

25-29 

29-34.5 

34.5-35.5 

35.5-39 

39-40 

40-48 

Disturbed. 

Laminated marl; white stringers at 10, 7.5,&6cm. 

Same as below, but no distinct laminations. Chalk 1-2mm. 

Classic structureless chalk cycle; Lower most cm well-laminated. 

Chalk is 1 cm. Burrows below chalk. 

Poorly laminated marl with chalk stringer at 17cm. 

Destroyed by sampling. 

Poorly laminated marl. Burrows at top probably was chalk 

overlying. This unit was probably a classic cycle. 

Laminated marl; white at top 1cm. 

Laminated marl; white stringer ~t top. 

Laminated chalk. 

Structureless marl, laminated at its base. 

Laminated chalk. 

Laminated marl with 1 cm of dark interbed at 42-41.5cm. Dark 

interbed has very thin white chalk interbed. Lamination at its 

center. The same applies to the interbed at 81 cm. This is not 

uncommon and hence, the name WIB. BS-143=40-40.5 
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48-57.5 

57.5-67.5 

67.5-70 

70.5-71 

71-73 

73-78 

78-79.5 

79.5-83.5 

83.5-85 

85-87 

87-89.5 

89.5-92 

92.5-98 

98-104.5 

(Sample D); BS-142=40.5-41 (Sample C); BS-140=42cm 

(Sample A-dark interbed). 

Classic structureless chalk cycle with burrows at base of chalk. 

Structureless marl is laminated throughout except near burrows. 

Chalk is 1 .Scm and dark black along upper .Scm of that. Upper 

contact is abrupt. Note: Could interpret laminated chalk in marls 

as similar cycles with marl at base and laminated chalk at top, 

except burrows are rare to absent along the bases of laminated 

chalk interbeds. 8S-153=48-49; 8S-152=51.5-52.5; 8S-

151 =55.5-56.5(Note: it is possible that this is two beds in contact 

at 53.2). 

Structureless marl 

Laminated chalk. 

Structureless marl 

Laminated chalk. 

Structureless marl;lower .Scm is laminated. 

White laminated chalk. 

·Wl8 (White interbeded with black laminations) BS-148=81cm. 

Laminated chalk. 

Structureless marl. BS-150=85-86cm. 

Laminated chalk. BS-149=88cm. 

Structureless marl 

Laminated chalk. 8S-146=96.5-97.5; BS-147=93-94cm. 

Structureless marl; 8S-144=102-103cm; BS-145=99-1 OOcm. 
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104.5-106.5 Laminated chalk with .3cm structureless marl intercalation in 

center. 

106.5-112.5 Structureless marl 

112.5-125 

125-126 

126-127.5 

127.5-130 

130-134 

134-146 

146-150 

Laminated marl grading to laminated chalk at top .. 5cm dark 

interbed; black interbed in center from 120.5-121cm. 

Laminated marl with chalk interbed laminations. 

Structureless marl 

Laminated chalk; 1cm WIB in center. 

Structureless marl 

Laminated chalk. 

Structureless marl 

Core 51-2 (799.0 m -800,5 m) 

0-7 Well-laminated white chalk; BS-139=5-6cm. 

7-12.5 

12.5-15 

15-28.5 

28.5-29.5 

29.5-31.9 

31.9-33 

33-34.2 

34.2-35 

35-41.5 

41.5-44 

Structureless olive marl with 1-2mm chalk stringer at 1 O.Scm. 

Faintly laminated structureless olive marl. 

Structureless marl with 3 laminated 9halk interbeds O,Scm each 

at 25.5,24.5,& 23. 

Inter-laminated structureless olive marl and chalk 

Structureless marl 

Laminated marl 

Structureless marl 

Laminated chalk. 

Structureless marl 

As below-chalk .2cm. 
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44-48.5 

48.5-52 

chalk 

52-55 

55-59 

135=57.5-

59-64 

64-67 

67-67.5 

67.5-77 

77-80 

80-83 

83-98 

98-102 

102-103.5 

103.5-106 

106-107.5 

107.5-111 

As below-upper chalk .Scm; burrowed at base. Marl laminated 

below burrows. 

As below. Marl lamanations peeter out towards top. Upper 

0.5cm; chalk burrowed at base. 

As below-upper chalk 1.3cm; Marl laminated. Chalk burrowed at 

base. BS-137=54-55 (in the SOM of cycle); BS-138=52-53 

(Chalk at top of cycle). 

Structureless chalk cycle-upper chalk .3cm. Marl faintly 

laminated from 59-57cm(chalk burrowed at base). Unusually. the 

marls are lamjnated jo these cycles now. BS-136=56-57; BS-

58.Scm. 

Classic chalk cycle; Marl at base up to 60cm. 1cm chalk at top. 

Marl is laminated at base. 

Structureless marl 

Laminated chalk. Again, start structureless chalk with chondri. 

burrows above. 

Structureless marl 

Laminated chalk; upper contact gradational. 

Fissile structureless marl 

Poorly exposed. 

Structureless marl 

Laminated chalk. 

Dark varved-like black (ie WIB=white interlaminated with black). 

Laminated chalk. 

Structureless marl. 
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111-112 

112-117 

132=114 

117-127 

Laminated chalk; BS-134=111-112cm. 

Structureless marl. BS-133= 112-113(top of SOM); BS-

115(middle of SOM); BS-132=116-117cm. 

Laminated chalk with 1 cm structureless marl at 122cm. 1 /2cm 

structureless marl at 118.Scm. BS-131=117-118; BS-130=119-

120; BS-129=121-122; BS-128=123.5-126cm. 

127-135.5 Structureless marl 

135.5-136 Same as 2nd below. 

136-138 Structureless marl 

138-139 Blebby, laminated chalk. 

139-148 Structureless marl. BS-127=139-141cm. 

148-148.5 Carbonate grainstone. 

Core 51-3 (800.5 m -802.0 m) 

0-3.5 White punky chalk. 

3.5-6.5 

6.5-10.5 

1 O.S-15 

15-22 

Structureless olive marl is also chalky, but not as punky nor soft. 

Chalk-white massive. BS-123=7-8 (2nd chalk from top). 

Structureless olive marl-upper contact only mildly bioturbated. 

Same as below upper chalk; 1.5cm black seam at 18.5cm. 

Cycle 6 Cycle 6-3 (chalk) =BS-121 =16.5-15.5cm; Cycle 6-2 

(including burrows)= BS-120=17.5-16.5cm; Cycle 6-1=BS-

119=18.5-17.5cm; Cycle 6=BS-122=20-21cm 

22-26 Same as below; upper chalk 1.4cm. Cycle 5 (chalk) = BS-

118=22.5-23.5 

266 



26-31 

31-34 

34-40 

40-42 

42-48 

48-49.5 

49.5-52.2 

52.2-55 

55-60.5 

60.5-63.5 

63.5-68.5 

68.5-73 

73-74 

74-83 

83-86 

86-89 

Cycle 5-2 (middle)= BS-117=24-25cm;Cycle 5-1 (Base)= BS-

116=25-26cm. 

Same as below; upper chalk 1.5cm. 

Same as below; upper chalk 1 cm. 

Same as below; upper chalk . ?cm. 

Same as below; upper chalk .5cm. 

Same cycle as below; upper chalk 1 cm. 

Same as below; upper chalk 1 /2 cm. 

SCRADER MARINE SPILL AT 51-3 (801M) 

Same as below; upper chalk 1 cm. 

Same as below; upper chalk 1cm. 

Same as below; 1 cm chalk at top. Lowest 1 cm is laminated (ie., 

in the structureless olive mart). Cycle 7 Cycle 7-3=8S-126=55-

56; Cycle 7-2=BS-125=56-57;Cycle 7-1=8S-124=57-58. 

Same as below; 1 cm chalk at top. 

Structureless chalk cycle; upper chalk 1 cm. Cycle 4:63.5-68.5 

Cycle 4-4 (upper chalk)=BS-11 ~=63.5-64.5; Cycle 4-3 (upper 

middle)=8S-114=64.5-65.5; Cycle 4-2=8S-113=65.5-66.5; Cycle 

4-1 =BS-112=67-68.5. 

Structureless olive marl. 

·Laminated chalk. 

Structureless olive marl. 

Structureless olive marl with 3 red/brown rust layers. 

Structureless olive marl with some chalk burrows floating along 

top; evidence for non-conformity. Top is red/brown rust layer. 
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89-93 Upper chalk .5cm. Cycle 3:89-93cm Cycle 3-5=BS-111 =89.5-

90.5; Cycle 3-4=BS-110=90.5-91; Cycle 3-3=BS-109=91-

91.5;Cycle 3-2=BS-108=91.5-92.5;Cycle 3-1 (bottom)=BS-

107=92.5-93. 

93-98 

98-102 

99 

102-107 

107-109 

109-116 

116-121 

121-123 

123 

123-124 

124-128 

128-134 

134-137 

Same as below; upper chalk 2cm. Cycle 2:93-98 BS-106=93-

94(top); BS-104=94-96.S(middle); BS-103=96.5-98 (base). 

Same as below; upper chalk 1 cm. Cycle 1 :98-102 BS-102=98-

(top chalk); BS-101=99-100 (middle); BS-100=101-102 (base). 

Same as below; upper chalk 2cm. 

Same as below; upper chalk .5cm. 

Same as below; upper chalk 1.5cm. Burrows at 111 on up. 

These are classic non-laminated cycles. 

Structureless chalk cycle. Chond. burrows at 117.5cm. 

Structureless olive marl-laminated in upper part (top .5cm). 

upper end of laminated carbonate cycles; begin structureless 

carbonate cycles below. 

Void. 

Laminated chalk to laminated structureless olive marl. BS-

99=126-127. 

Structureless olive marl; grundgy iron material along upper 

contact. 

Black shale laminated with 2 less than 1 mm chalk beds and 3-

1 mm structureless olive marl beds. Chalk are pure white. BS-

97=134-135 (for thin section and isotope). 

137-141.5 Structureless olive marl. 
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141.5-146.5 Laminated black shale; truly laminated. BS-98=143. 

146.5-147.5 Structureless olive marl. 

147.5-148.5 Black shale; poorly effervescent. 

148.5-150 Structureless olive marl. 

Sjte 380A:Core 51.4 (802.0 m - 803.5 m} 

0-2.5 Laminated chalk; again, all laminated chalk appear to be of the 

bloody type. 

2.5-8 

8-10 

10-20 

20-21.5 

21.5-25 

25-26 

26-32 

32-35 

35-37 

37-41.5 

41.5-42 

42-45.5 

45.5-46.5 

46.5-49 

49-53 

53-55 

Structureless olive marl. 

Laminated chalk; also contains dark waxy type layers 

surrounding long disc-shaped nodules with laminated chalk. 

Structureless olive marl. 

Structureless olive marl with wavy iron interbeds (rust brown). 

Structureless olive marl; BS-96=22-23cm. 

Laminated chalk. 

Structureless olive marl. 

Laminalted chalk. 

Laminated chalk with structureless olive marl interbed in center. 

Structureless olive marl; GC-4=39-41. 

Weathered iron. 

Structureless olive mart. 

Laminated chalk. 

Structureless olive marl with dark seam along top. 

Laminated chalk. 

Structureless olive marl. 
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55-60 

60-66.5 

66.5-74 

74-75 

75-81 

81-84 

84-87 

Void. 

Laminated chalk. 

Structureless olive marl. 

Laminated chalk; contacts abrupt. Laminated carbonate beds in 

structureless olive marl. Abrupt contacts appear typical for most 

laminated chalk layers. 

Structureless olive marl. 

Lensoid-type laminated chalk with structureless olive marl 

seams; BS-95=82-83. 

Structureless olive marl; BS-94=84.5-85.Scm. Some 

structureless marl seams appear squeezed in from core liner as 

a cross-bedding, but not all. 

87-96.5 Void. 

96.5-101.5 Structureless olive marl. 

101.5-107 Laminated chalk with structureless olive marl seams as below. 

107-108.5 Lensoidal-type laminated chalk grading upward to structureless 

olive marl; contact sharp in all. Note: Biscuit structure due to 

coring disturbances. Laminated carbonate with structureless 

olive marl interbed and structureless olive marl below that is 

slightly bioturbated at its top. 

108.5-113 Laminated chalk composed of .5 -1.0cm interbeds. 11 interbeds, 

each one is a laminated chalk separated from each other by 

structure less than 1 mm structureless olive marl seam. BS-

92=107-11 O (from center of this interval for thin section. 

113-120 Structureless olive marl. Bioturbated at top. BS-93=114-115. 
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120-136 Void. 

136-138 Structureless olive marl. 

138-140 Laminated chalk. 

140-141 Structureless olive marl. 

141-143 Laminated chalk. 

143-148 Structureless olive marl. 

148-150 Void. 

Core 51-6 (805.0 m - 806,5 m) 

0-4.5 

4.5-7.5 

7.5-13 

13-17.5 

Structureless olive marl. 

Chalk. 

Structureless olive marl. 

Chalk. Dark layer at base has sharp basal contact (looks 

bioturbated form above down into dark layer .. Diffusive upper 

contact which is probably burrowed? BS-89=16-18 for thin 

section. 

17.5-24 Laminated chalk with blebs. 

24-25.5 Structureless olive marl. 

25.5-26.5 Chalk. 

26.5-30 Structureless olive marl. 

30-40 Laminated with blebs. 

40-44 Structureless olive marl; BS-90=42.5-43.5. 

44-49 Laminated chalk with blabs; BS-91 =46-47. 

49-50.5 Structureless olive marl. 

50.5-53.5 Laminated chalk with blebs. 
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53.5-56.5 Structureless olive marl. 

56.5-57 Laminated chalk. 

57-62 Structureless olive marl. 

62-65 Well laminated chalk. 

65-69 Structureless olive marl. 

69-71 Laminated chalk-as below. 

71-76.5 Structureless olive marl. 

76.5-77.5 White interlaminated with black- 5 per .9 cm=2.8 varves per cm. 

77.5-80 

80-81 

81-83 

83-88 

88-89 

89-90.5 

90.5-94 

94-98.5 

98.5-104 

104-110 

110-116 

116-119.5 

BS-88=76.5-77.5 good sample for thin section and isotopes. 

Top of sample indicated on bedding plane. 

Structureless olive marl with 2 well laminated varve-type layers 

(WIB's) set in structureless olive marl. 

Laminated olive marl. 

Well laminated varved. 

Structureless olive marl. 

Alterred iron layer. 

Laminated as below. 

Structureless olive marl. 

Laminated olive grey marl blebs-dark laminated waxy layer at 

96.5cm. 

Structureless olive marl. 

Laminated marl with blabs; waxy seam 6mm from top. BS-

87= 104.5-106 (good sample for thin section-dark layer at top). 

Structureless olive marl. 

Laminated marl-olive grey. 
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119.5-123 

123-125 

125-126 

126-127 

127-128 

128-132.5 

Structureless olive marl. 

Laminated marl blebs- 2 dark layers in middle. 

Laminated marl blabs. 

Structureless olive marl-upper contact gradational. 

Laminated marl-upper contact abrupt with no seam. 

Laminated grey to olive marl with white blebs-waxy. 

132.5-136.5 Structureless olive marl. 

136.5-138.5 Structureless olive marl at base -grading upto as below. 

138.5-142 Laminated olive mudstone with white blebs squashed parallel to 

bedding. 

142-144 

144-150 

Structureless olive marl. 

Unexposed-void. 

Core 52-1 (807.5 m - 809.0 m) 

38.5-44 Structureless olive marl with waxy stringer at top. BS-76=43-44. 

44-46 Punky white chalk with very thin waxy stringer about 3/4 of the 

way up. BS-75=44-45. 

46-52 

52-55.2 

55.2-59 

Structureless olive marl; again, a waxy dark 1 mm -stringer 

across top with sharp basal contact. 

Micro-laminated punky chalk; 5-6 possible varved couplets. Iron 

rich stringer at top (rust brown). BS-86=53.5-56.5. for thin 

section. 

Structureless olive marl; Top 2 mm typically dark waxy stringer. 
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59-62.5 Laminated chalk with several varved cycles (7 for 3.2 cm). In 

2nd laminated chalk below, there are 3 varved couplets per 0.7 

cm. 

62.5-64.5 Structureless olive marl. Note, waxy stringer contact between 

underlying structureless olive marl and overlying laminated 

carbonate. 

64.5-65 Laminated chalk with micro-fold. Bottom of photo=structureless 

olive marl 1/4 up laminated center structureless olive marl. 

65-69 

69-71 

71-74 

74-77 

77-78.5 

78.5-80.5 

80.5-82.5 

82.5-87.5 

87.5-96 

96-98 

98-103 

103-107 

Structureless olive marl. 

Laminated chalky structureless olive marl BS-85=68.5-71.5 for 

thin section . 

Structureless olive marl-upper contact gradational. 

Laminated chalky structureless olive marl. 

Structureless olive marl. 

Well laminated structureless olive marl. 

Structureless olive marl. 

Punky laminated chalk. 

Structureless olive marl. 

Micro-laminated chalk. 

Poorly laminated to weakly cross-rippled laminated structureless 

olive marl; bioturbated at top from above. 

Bioturbated chalk structureless from 107-106cm. Thin dark 

stringer at upper contact. Comment:Stringers appear to be 

diagenetic precipitates along major bedding plane contacts (ie 

between different lithologies). 
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107-109.5 Laminated chalk; inclined bedding 2mm dark stringer at base 

containing chondrite burrows. Has been micro-channelled by 

above inclined micro-laminated chalk. BS-84 on 109 cm contact; 

contains stringer at base. 

109.5-113.5 Structureless olive marl. BS-83=111-112. 

113.5-115.5 Laminated olive green marl with 2mm dark stringer at top. Dark 

stringers are probably basal silty marl(?) 8S-82=114-115. 

115.5-118.5 Structureless olive marl. 

118.5-122.5 Structureless olive marl. (Stringer of dark unknown at 118). 

122.5-126.5 Laminated chalk. 

126.5-131 Structureless olive marl. 

131-133.5 Laminated chalk. 8S-81 =131.5-132.5. 

133.5-139 Structureless olive marl. BS-80=134-135;8S-79=136-137;8S-

78=138-139. 

139-142 

142-150 

Laminated chalk (somewhat of the lensoidal type). 

Structureless olive marl. 8S-76=143-144;BS-75=144-145 . . 

SCHRADER MARINE SPILL AT 52-1, 150CM (809M) 

Core 52-2 (809.0 m - 810.5 m) 

Again, laminated chalk (seekride) interbedded with structureless 

olive marl. 

0-14 Structureless olive marl. BS-74=2-3(top of marl); BS-73=7-8; 

BS-72=12-13. 

14-22 Laminated chalk. BS-67=17-18;BS-71=15-16(top of laminated 

unit); BS-70=19.5-20.5(centered). 
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22-27.5 

27.5-30.5 

30.5-36 

36-38.5 

38.5-44 

44-48 

48-49 

49-53.5 

53.5-56.5 

56.5-61 

61-61.5 

61.5-68 

68-70 

70-73 

73-96 

96-98.5 

98.5-100 

100-102 

102-104 

104-105.5 

105.5-113 

113-116 

116-118 

Strctureless olive marl. BS-69=22.5-23.5;BS-66=24-25; BS-

68=26-27 

Laminated chalk. 

Strctureless olive marl. 

Laminated chalk 

Strctureless olive marl. 

Structureless olive marl; At 44 cm there is a 2mm pure chalk 

interbed. 

Laminated chalk. 

Strctureless olive marl. BS-65=51-52. 

Laminated chalk: BS-64=54-56(1arge samplt). 

Strctureless olive marl. 

Laminated chalk. 

Strctureless olive marl. Top 1 mm laminated. 

Laminated chalk. 

Structureless olive marl. 

Destroyed by sampling. 

Laminated chalk. 

Strctureless olive marl. 

Laminated chalk. 

Strctureless olive marl. 

Laminated chalk. 

Strctureless olive marl. Top .5 cm laminated. 

Unexposed. 

Laminated chalk. 
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118-119 Strctureless olive marl. 

Core 52-6 (815.0 m - 816.5 m) 

0-5.5 Laminated white to grey chalk. BS-63=4.0. 

5.5-10.5 Structureless calcareous mudstone. BS-62=7-8. 

10.5-12.5 Laminated chalk. 

12.5-18 

18-19.5 

19.5-23 

23-64 

64-71 

71-73 

73-78 

78-81 

81-85 

85-91 

91-101 

101-109 

109-110 

110-114 

114-116 

116-123 

Light-grey calcareous mudstone. 

Lensoidal type chalk. 

Light-grey calcareous mudstone. 

Void 

Olive calcareous mudstone. 

Very well laminated black to dark green calcareous mudstone. 

BS-61=70-71.5. 

Olive calcareous mudstone-Most all olive calcareous mudstones 

appear to be structureless. 

As 2nd unit below. BS-60=79.5-80.5. 

Olive calcareous mudstone. BS-59=82.5-83.5. 

As 2nd unit below. 

Olive calcareous mudstone. BS-58=97-98. 

Black to green well laminated organic-rich chalk. BS-57=106-

·101. 

Laminated olive calcareous mudstone. 

Olive calcareous mudstone. BS-56=112. 

Black to green laminated calcareous mudstone. 

Olive green mudstone. BS-55=118. 
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123-125 

125-130.5 

SCHRADER: CORG RICH AT 52-6, 121 CM (BRACKISH 

MARINE) 

Black to olive green mudstone. 

Dark olive calcareous mudstone. BS-54-2= 129-130. 

130.5-133.5 Black well laminated calcareous sapropel. BS-54=131-132. 

133.5-136 Laminated chalk/ 

136-137.5 Olive calcareous mudstone. 

137.5-143 Well laminated chalk. BS-53=139.5-140.5. 

143-147 Mottled light olive calcareous mudstone. 

Core 53-1 (817.0 m - 818.5 m) 

102-131 Olive calcareous mudstone- recovery is poor in this interval. 

131-138.5 White micro-laminated chalk. 

138.5-144.5 Olive calcareous mudstone. 

144.5-147 Micro-laminated (For Sure!) white chalk; micro-laminations are a 

result of chalk intercalated with olive mudstone or silt. 

147-149 Intercalated olive mudstone and chalk. 

Core 53-2 (818.5 m - 820.0 m) 

0-9 Void 

9-15 Olive calcareous mudstone. 

15-18 

18-23 

23-32.5 

White at base to greenish at top, chalk. Unit is transitional. 

Olive calcareous mudstone. 

White chalk. Must sample both types to discern if micro

laminated or structureless due to bioturbation. 
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32.5-46.5 Olive calcareous mudstone. 

46.5-55 Void 

55-57 Olive calcareous mudstone/ 

57-73 White laminated/varved chalk poorly exposed; well sampled by 

others. 

73-7 4 Calcareous mudstone. 

7 4-80 White varved chalk. 

80-87.5 Olive calcareous mudstone; base laminated and transitional with 

lower unit. 

87.5-95 

95-109 

109-114 

Varved chalk; grungy texture. 

Void. 

Olive calcareous mudstone; may be bioturbated. 0.2cm white 

chalk. 

114-119.5 White laminated chalk-slightly bioturbated at base. 

119.5-125 Olive calcareous mudstone. 

125-129 White chalk-slightly bioturbated at base. BS-52=125-126; BS-

51 =127-128 

129-132 Olive calcareous mudstone. BS-49=Base. 

132-133. 7 White micro-laminated chalk with 1 olive stringer 0.5cm from 

base. BS-50= Top. BS48=Chalk. 

133.7-134.5 Laminated chalk/calcareous mudstone; looks like varves. 

Perhaps 2 varves per 1 cm. BS-47. 

134.5-135.2 Olive calcareous mudstone. BS-46=135. 

135.2-135.7 White micro-laminated chalk. BS-45=135.2-135.7. 
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135. 7-137.5 Olive micro-laminated calcereous mudstone. BS-44= 135.5-138 

(White chalk and overlying mudstone-enlarged plug). 

137.5-138.5 Micro-laminated white chalk. 

138.5-140 Olive calcareous mudstone..:slightly bioturbated at top. 

140-142 White structureless chalk. BS-43=140.5-141.5. 

142-144.5 Light olive green calcareous mudstone. BS-42=142.5-143.5. 

144.5-149 Structureless olive-green calcareous mudstone. BS-41=145-

146. 

Core 53-3 (820.0 m - 821.5 m) 

0-46.5 ?Void? 

46.5-48.5 Laminated chalk; perhaps varved (can't tell). 

48.5-60 

60-61.5 

61.5-62 

62-63 

63-64 

64-72.2 

BS-

72.2-75 

75-81 

81-82.5 

Calcareous mudstone; dessicated. 

Lensoidal-type chalk. 

Rust-colored Fe ridge layer; looks alterred. 

Calcareous mudstone. 

Laminated chalk with perhaps 2 varves. 

Calcareous mudstone with 1 mm calcareous stringer at 65cm. 

39=63-65. BS-40=68-69. 

Varved chalk. 

Calcareous mudstone. 

Varved chalk with 3 varves over 1.5cm intervals. BS-38=81.5-84 

(Large plug through calcareous mudstone and calcareous 

carbonate for thin section). 

82.5-88.5 Calcerous mudstone. 
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88.5-93 

93-95.5 

95.5-101 

101-102.5 

102.5-119 

119-123 

123-150 

Non-varved laminated chalk. 

Varved chalk. 

Calcareous mudstone. 

Varved chalk 

Calcareous mudstone with 1 mm calcareous stringer at 112cm. 

Laminated carbonate of varved type. BS-37=123 (at 

base)wrapped for thin section. 

?Void? 

Core 53-5 (823.0 m - 824.5 m) 

(Cycles of dark calcareous olive green mudstones with lensoidal type chalk 

interbeds). 

0-16 Dark mudstone, but lighter colored (grey) than below; 2mm 

stringer of white lensoidal type chalk at Bern. 

16-36 Void 

36-38 Dark calcareous mudstone. 85-36=36cm (dark). 

38-41 White lensoidal type chalk (thicker unit) see 53-5, 83-86. BS-

35=38-39 chunk in foil for thin section. 85-33=40-41 ; 85-34=39-

40. 

41-52 Dark calcareous mudstone; at 50 cm is a thin 1 mm stringer of 

chalk BS-29=48-49; BS-28=50.5-51.5; BS-26=52; 85-30=46.5-

47.5; BS-31 =44-45; BS-32=42-43. 

52-53.5 White lensoidal type chalk. BS-27 =53-54. 

53.5-57.5 Dark calcareous mudstone. 85-25=55-56; BS-24=57-58. 
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57.5-58 

58-67 

67-97 

97-101 

101-102.5 

102.5-110 

110-112 

112-118 

118 

118-126 

126-150 

White lensoidal type chalk. BS-23=58. 

Dark mudstone; minor white layer at 59. BS-22=59-60; BS-

21=61-62; 

BS-20=64-65. 

Void 

Dark mudstone. 

White lensoidal type chalk with 1 mm white laminae in center. 

Dark mudstone. 

Whitish-brown chalk-mucky. 

Dark mudstone. 

1 mm thin chalk stringer. 

Dark mudstone. 

?Void? 

Core 53-6 (824.5 m - 826 .. 0 m) 

0-10 Soupy 

10-11 

11-23.5 

23.5-25.5 

25.5-29 

29-65 

65-68.5 

68.5-70 

69-72 

72-78 

Possibly varved chalk. 

Dark mudstone. 

Chalk-upper contact gradational. 

Dark mudstone. 

Void 

Dark calcareous mudstone. 

Mudstone(?) 

Lensoidal type. BS-19=As in 83-86; BS-18=71.5-72.5; 

Dark calcareous mudstone. BS-17=72.5-73.5; 
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BS-16=74.5-75.5; BS-15=76.5-77.5. 

78-83 Dark calcareous mudstone (dark mudstones are highly 

calcareous) with 1cm stringer; as 2nd unit below. BS-14=80-

81 (mudstone). 

83-86 Micro-lensoid type carbonate. Same fabric as recognised in 55-

1 (0-15cm). Maybe a diagenic precipitate, but these layers are 

definitely depositionally controlled. Smear slide revealed detrital 

quartz; strongly effervescent in HCI. Carbonate lenses are 

birfurcating about 1/10th of a mm thick and 1 mm long. BS-

13=ehip for thin section and isotopes. 

86-89.5 Dark mudstone. 

89.5-106.5 Void 

106.5-109.5 Dark mudstone. 

109.5-117 Whitish thinly laminated chalky marl. 

117-121 Dark mudstone. 

Gritty mudstone. 121-125 

125-150 Dark mudstone. (Note:Dark mudstones are highly calcareous). 

Core 54-1 (826.5 m - 828.0 m) 

0-121 

121-150 

Very black organic rich sapropel. GC-2= 16-17. GC-1=73-77. 

Olive green structureless olive marl; Wet. 

Core 55-1 (836.0 m - 837.5 m) 

0-15 Increasing upward to more small lensoid chalk-these are burrow 

layers. 
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15-51 

51-60 

60-64 

64-79 

79-109 

109-126 

126-131 

131-150 

Laminated to varved; light grey marl beds. 

More homogeneous above 

Chalk in wisps on Micro lenses in shale in small bed 2cm thick. 

More massive fissile calcareous shale. 

As below, but with decreasing% of chalk. 

Thinly laminated-possibly varved chalk. 

Void 

Fissile, light grey calcareous shale. 

Core 55-3 (839.0 m - 840.5 m) 

0-98 Dark to black fissile shale calcareous in HCL. 

98-140 Slurry. 

ARAGONITIC MUD UNIT 

(CORES 56-57) SAMPLED 56-1,4,3 · 

Core 56-1 (845.5 m - 847.0 m) (Core chippy; these are cycles of about 

20cm.): 

0-6 

6-17 

17-21.5 

21.5-36 

36-41 

41-64 

Chocolate brown shale weakly calcareous. 

Thinly interlaminated chalk and calcareous silt as 2nd unit below. 

Dark as 2nd unit below. 

As 2nd unit below. 

Massive dark thinly laminated calcareous claystone as 2nd unit 

below. 

Void 
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64-85 

85-93 

93-110 

110-129 

129-150 

Thinly laminated chalk in claystone. 

Dark calcareous claystone. 

Thinly laminated chalk in claystone. GC-3=95-101 

Void 

Fissile, laminated white-grey chalk. Calcareous in HCI. 

Core 56-3 (848.5 m - 850,0 m) 

0-120 Fissile grey brown laminated shale. BS-2=36. 

Core 56-4 (850.0 m - 851 .5 m) 

0-3 Void 

3-7 Laminated black shale; mildly calcareous. BS-10=4-5cm 

(gypsum (?) on fissile partings). 

7-17 Calcareous olive laminated marl. BS-9=8-9cm. BS-8=17-18cm. 

17-50White to buff marl; 1/2cm black shale interbed at 21cm. 

BS-7=21-22. BS-6=37-38; BS-5=47.5-48; BS-1=27-28 

50-150 Fissile laminated dark shale; calcareous in HCL; upper contact 

gradational. BS-11 =92-93; BS-4=61-62; BS-3=70-71. 
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Appendix B. Geochemical data for Upper and Lower Chalk units, BS 380A 

Bed Total Corg cycle Sample Core section, cm thickn thick Cycle Lithology %CaC03 %Corg carb.- %S %N 
Number ess, free total total 

cm ness basis cm 

UPPER CHALK UNIT Cores 13 to 34-5, 110cm (446.5 m to 644.5 m) 
13-1, 110-111 13.82 0.46 0.53 

P-1 13-1, 128.5-130 1.5 2.5 SM-SC Structureless chalk 47.42 0.46 0.87 0.24 0.13 
P-2 13-1, 130-131 " Marl-grey 13.50 0.50 0.58 0.24 

14-2, 62-77 13.61 0.29 0.34 
D-2 14-3, 0-2.5 2.5 6.5 SM-SC Structureless chalk 45.00 0.34 0.62 0.37 0.12 

N 
D-1 14-3, 2.5-6.5 " Bioturbated mart 31.25 0.38 0.55 0.08 CX> 

O> 
14-3, 15-28 41.92 0.56 0.96 

G-1 14-3, 18.5-20.5 2 4.7 SM-SC Structureless chalk 58.83 0.52 1.26 0.24 0.13 
G-2 14-3, 20.5-23.2 " Marl-grey 31.33 0.60 0.87 0.66 0.14 

H-1 14-3, 38-39 5.5 9;5 SM-SC Structureless chalk 61.42 0.44 1.14 0.22 0.11 
H-2 14-3, 42-43 " Structureless chalk 63.25 0.39 1.06 0.24 0.11 
H-3 14-3, 43-44 " Bioturbated marl 42.17 0.33 0.57 0.11 
H-4 14-3, 45.5-46.5 " _Marl-grey 33.25 0.45 0.67 0.12 

J-1 14-3, 58.5-61.5 3 . 5.5 SM-SC Structureless chalk 59.33 0.61 1.50 0.49 
J-2 14-3, 61 .5-64 2.5 " Laminated marl 40.92 0.66 1.12 0.68 0.16 



Aef?!ndix B. ~Continued} Geochemical data for Uee!r and Lower Chalk units, BS 380A 

Total Corg Bed cycle Sample Core section, thickness, thick Cycle Lithology %CaC03 %Corg carb. %S %N 
Number cm -free total total cm ness basis cm 

K-1 14-3, 64-65 1 3 SM-SC Structureless chalk 56.83 0.58 1.34 0.83 0.26 
K-2 14-3, 65-67 2 " Marl-grey 40.92 0.59 1.00 0.61 0.13 

I\) L-1 14-3, 69-72.5 3.5 5 SM-SC Structureless chalk 63.58 0.68 1.87 0.34 0.13 
CX> L-2 14-3, 72.5-74 1.5 " Marl 49.50 0.90 1.78 0.34 0.09 ........ 

L-3 14-3, 73-74 " Marl-grey 37.08 0.60 0.95 0.59 0.02 

M-1 14-3, 85-88.5 3.5 6 SM-SC Structureless chalk 57.83 0.56 1.33 0.35 
M-2 14-3, 88.5-91 2.5 " Marl 30.50 0.62 0.89 0.89 0.16 

BS-175 14-3, 95-98 Terra brown 52.00 0.89 1.85 0.36 

BS-173 14-3, 136-137 Structureless chalk 58.75 0.90 2.18 0.41 
BS-172 114-3, 143-145 Structureless chalk 60.00 0.60 1.50 0.34 

BS-176 14-4, 26-28 Structureless chalk 62.75 0.59 1.58 0.28 0.13 



Appendix B. (Continued) Gepchemlcal data for Upper and Lower Chalk units, BS 380A 

Total Corg Bed cycle Sample Core section, cm thickness, thick Cycle Lithology %CaC03 %Corg carb.- %5 %N 
Number free total total cm ness basis cm 

A-3 14-6, 16-18 Marl-brown 52.67 0.81 1.71 0.62 0.12 
(10 faint cycles over 0-40cm unit) top of unit 
14-6, 67-69 26.88 0.61 0.83 

R-2 14-6, 128 SM-SC Structureless 
chalk 47.17 0.42 0.79 0.37 0.12 

R-1 14-6, 130-132 " L. black mud 14.58 0.46 0.54 0.53 0.14 

I\) 
0-4 15-2, 4-5 Black lam. mud 0.00 CD 

CD 

0-3 15-2, 29-30 Black lam. mud 4.50 0.51 0.53 0.45 0.15 
w/lg cal or dol 
xtl 

0-2 15-2, 43-44 . Laminated 57.33 0.55 1.29 0.13 0.22 chalk 

0-1 15-2, 87-89 Black lam. mud 12.33 0.77 0.88 
15-3, 26-36 14.28 
17-2, 56-70 Marl 54.70 0.48 1.06 
17-2, 111-123 1.75 0.50 0.51 
17-3, 14-29 5.00 



Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units, BS 380A 

Total Corg Bed cycle Sample Core section, thickness thick Cycle Lithology %CaC03 %Corg carb.- %S %N 
Number cm free total total ,cm ness 

basis cm 

BS-209 18-2, 148-149 40.75 0.51 0.86 1.73 
BS-210 18-3, 1-2 18-03, alternations 37.75 0.48 0.77 
BS-211 18-3, 5-6 of seekreide or 48.42 0.47 0.91 0.17 
BS-212 18-3,18-19 sideritic chalk 0.83 0.58 0.58 

I\) BS-213 18-3, 24-25 and marl 1.50 0.51 0.52 
CX> 18-3, 33-48 42.05 0.39 0.67 <O 

BS-214 18-3, 50-51 Marl 50.08 0.69 1.38 1.30 
BS-215 18-3, 67-68 sideritic mud 23.33 0.44 0.57 0.52 
BS-216 18-3, 80-81 Sideritic marl 52.33 0.44 0.92 0.46 
BS-217 18-3, 92-93 Sideritic marl 52.83 0.78 1.65 
BS-218 18-3, 96-97 Marl 34.92 0.37 0.57 0.35 
BS-219 18-3, 40-41 Calcareous mud 17.67 0.58 0.70 

19-2, 0-16 14.12 0.52 0.61 
19-4, 0-16 33.48 0.68 1.02 

BS-220 20-2, 25-26 sideritic marl 39.25 0.61 1.00 0.41 
BS-221 20-2, 29-30 Sideritic mud 22.08 0.66 0.85 0.51 
BS-222 20-2, 108-109 Calcareous mud 20.50 0.45 0.57 
BS-223 ·20-2, 111-112 Calcareous mud 22.58 0.44 0.57 0.49 



Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units, BS 380A 

Total Corg Bed cycle %S Sample Core section, thickness, thick Cycle Lithology %CaC03 %Corg carb.- tot a %N 
Number cm free total cm ness basis I 

cm 

20-4, 0-13 Calcareous mud 19.00 
21, cc Marl 39.50 
22-3, 1-12 Marl 29.00 
22-3, 84-96 Marl 49.87 0.82 1.64 
22-4, 90-100 Calcareous mud 20.00 1.07 1.64 

I\) 23-1, 70-85 Calcareous mud 16.50 
<O BS-224 23-2, 69-70 Calcareous mud 17.42 0.46 0.56 . 0 

BS-225 23-2, 71-72 Calcareous mud 15.67 0.47 0.56 
BS-226 23-2, 81-82 Mud 1.33 0.50 0.51 
BS-227 23-2, 110-111 Sideritic marl 47.92 0.77 1.48 

23-5, 77-87 47.22 0.49 0.93 
BS-228 23-6, 27-28 Marl 46.42 0.61 1.14 0.28 
BS-229 23-6, 28-29 Marl 43.42 0.64 1.13 0.26 
BS-230 23-6, 44-45 Marl 37.25 0.57 0.91 0.45 
BS-231 23-6, 48-49 Marl 30.92 0.55 0.80 0.41 

25-2, 45-61 Marl 39.50 0.77 1.27 
25-2, 126-136 Calcareous mud 6.95 0.58 0.62 
25-3, 24-40 Mud 0.00 0.54 0.54 



Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units, BS 380A 

Total Corg Bed cycle Sample Core section, cm thickness thick Cycle Lithology %CaC03 %Corg carb.- %S %N 
Number free total total cm ness basis cm 

BS-232 26-1, 94-95 Mud 0.00 0.71 0.71 0.34 
BS-233 26-1, 96-97 Mud 0.00 0.49 0.49 0.76 

26-2, 71-87 Mud 3.79 0.60 0.62 
27-5, 0-8 Calcareous mud 12.00 

I\) 
27, cc Calcareous mud 24.50 

tO 29-6, 0-25 Marl 48.90 0.60 1.17 _.. 
30-1,. 108-120 Mud 2.28 1.22 1.25 
30-2, 38-50 Marl 53.12 0.82 1.75 
30, cc Chalk 61.00 
31-1, 40-55 Mud 1.46 0.57 0.58 
31, cc Marl 30.50 
32-6, 34-47 Marl 54.84 0.60 1.33 

BS-234 34-2, 44-45 Calcareous mud 26.67 1.12 1.53 1.53 
BS-235 34-2, 52-53 Marl 44.67 1.00 1.81 0.78 
BS-236 34-3, 26-27 ·Marl 40.33 1.06 1.78 0.56 
BS-237 34-3, 30-31 Marl 36.83 1.09 1.73 0.42 
BS-238. 34-5, 107-108 Sideritic mud 18.25 0.87 1.06 0.27 
BS-239 34-5, 111-112 Mud 4.08 1.71 1.78 



Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units BS 380A 

Bed Total Corg cycle Sample Core section, cm thick thick Cycle Lithology %CaC03 %Corg carb.- %8 %N 
Number ness free total total 

cm ness basis cm 

BS-171 34-5, 113-116 Sapropel 
34, cc 63.50 

LOWER CHALK UNIT Cores 43 to 56-4, 35 cm (722.0 m -850.3 m) 

I\) 43-1, 0-13 Diatomaceous clay 12.30 3.18 3.63 0.21 
CD 43-1, 32-34 Diatomaceous clay 0.00 I\) 

43-2, 101-102 Diatmaceous clay 14.00 
43-3, 73-75 Diatomaceous clay 2.00 
43-3, 112-126 Diatomaceous clay 9.45 2.37 2.62 
43-4, 148-150 Diatomaceous calc.cla) 14.00 
44-2, 32-34 Diatomaceous cal.clay 19.00 
44-2, 37-40 Diatomaceous marl 36.00 
44-2, 63-65 Diatomaceous clay 14.02 1.74 2.02 

BS-261 44-5, 130-140 Diatomaceous clay 0.00 1.22 1.22 
45-2, 43-51 Diatomaceous clay 1.97 1.97 
45-3, 112-125 Diatomaceous clay 5.09 1"40 1.48 
45-5, 47-48 Diatomaceous clay 0.00 



Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units, BS 380A 

Sample 
Number 

BS-262 

BS-168 

Total 
Core section, . Bed cycle 

cm thickness thickness Cycle 
cm 

46-1, 0 
46-2, 55-57 
46-3, 1-10 
47-1, 50-60 
47-2, 133-135 
47-4, 40-50 
47-5, 5-7 
47,cc 
48-1, 18-25 
48-5, 0-15 
48-6, 41-53 
49-4, 138-143 
49-4, 143-150 

5 

cm 

12 SM-LC 

Lithology 

Diatomaceous clay 
Diatom .cal. clay 
Diatomaceous marl 
Diatomaceous clay 
Diatomaceous clay 
Diatomaceous clay 
Diatomaceous marl 
Diatmaceous clay 
Diatmaceous clay 
Diatomaceous marl 
Diatomaceous clay 
Laminated chalk 
Structureless marl 

Corg 
carb.- %S %N 

%CaC03 %Corg free total total 

26.00 
30.80 
13.17 
7.00 

19.58 
32.00 
9.01 

50.23 
1.00 

71.08 

2.26 

1.28 
2.21 

2.03 

0.99 
1.80 
0.08 

1.04 

basis 

2.26 

1.85 
2.18 

2.52 

1.09 
1.80 
0.16 

3.60 0.83 0.10 

49-5, 39.5-45.5 
49-5, 45.5-50 

SM-LC Laminated chalk 77.00 
Structureless marl 55.00 

BS-167 50-1, 103.5-104 0 .5 3.5 . Lam.struct. chalk 72.67 1.91 6.99 0.61 0.11 



Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units, BS 380A 

Total Corg Bed cycle %S Sample Core section, cin thicknes thick Cycle Lithology %CaC03 %Corg carb.- tota %N 
Number 

scm ness free 1 total 

cm basis 

BS-166 50-1, 104-10 7 3 SM Structureless marl 47.25 1.99 3.77 0.86 

50-1, 107-108.5 1.5 8.5 SM-SC Structureless chalk 
BS-165 50-1, 108.5-115.5 7 " Structureless marl 30.92 0.70 1.01 0.79 
BS-164 " Laminated marl 32.25 0.72 1.06 0.88 

N 
CD BS-163 50-1, 1-15.5-116.9 1.40 5.50 SM-SC Structureless chalk 65.42 1.16 3.35 0.33 0.14 ~ 

BS-162 50-1, 116.9-118 1.1 Calcareous mud (bio) 26.92 0.55 0.75 1.11 
BS-161 50-1 ' 118.5-119 .5 3 Calcareous mud 26.42 0.58 0.79 0.85 0.12 

50-2, 0-12 Structureless marl 37.00 

BS-159 50-2, 12-13 1 4 SM-LC Laminated chalk 81.50 0.61 3.30 0.57 0.13 
50-2, 13-15 Shale 5.00 

50-2, 15-17 2 11 SM-LM Laminated marl 57.00 
50.-2. 17-26 Structureless marl 38.00 



Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units, BS 380A 

Total Corg Bed cycle Sample Core section, cm thicknes thick Cycle Lithology %CaC03 %Corg carb. %S %N 
Number -free total total scm ness basis cm 

BS-155 50-2, 48.5-55 6.5 8.5 SM-LC Laminated chalk 75.67 0.73 3.00 0.41 0.11 
* 50-2, 55-57 Structureless marl 

BS-156 50-2, 80-84 4 7 SM-LC Laminated chalk 65.50 1.05 3.04 0.87 
* 50-2, 84-87 Structureless marl 

I\) 
co 
0'1 

BS-158 50-2, 107.5-108.5 1 5.5 SM-SC Structureless chalk 72.00 0.41 1.46 0.35 0.09 
BS-157 50-2, 108.5-113 4.5 Structureless marl 37.75 0.44 0.71 0.98 0.12 

50-2, 130-140 Structureless chalk 73.27 0.53 1.98 

51-1, 39-40 1 9 SM-LC Laminated chalk 0.00 
BS-143 51-1, 40-48 0· Laminated marl 31.33 1.24 1.81 0.69 
BS-142 " 
BS-141 " 29.00 1.11 1.56 0.79 
BS-140 " 

BS-153 51-1, 48-49 1.5 9.5 SM-SC Structureless chalk 77.58 1.02 4.55 0.27 0.12 



Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units, BS 380A 

Bed Total Corg cycle Sample Core section, thick thick Cycle Lithology %CaC03 %Corg carb.- %S %N 
Number cm ness free total total 

cm ness basis cm 

BS-152 51-1,49-57.5 Laminated marl 36.33 0.79 1.24 0.46 0.15 
BS-151 " 8 Lam. calc. mud 28.83 0.84 1.18 0.47 0.15 

followed down by 10 cm thick marl 
BS-148 51-1, 79.5-83.5 4 Corg-rich marl 41.92 4.20 7.23 0.53 0.21 

I\) 51-1, 83.5-85 1.5 3.5 SM-LC Laminated chalk 
co BS-150 51-1, 85-87 2 Structureless marl 46.25 0.47 0.87 0.78 0.10 O'> 

BS-149 51-1, 87-89.5 2.5 5 SM-LC Lensoidal chalk 63.58 1.22 3.35 0.47 
51-1, 89.5-92 Structureless marl 

BS-147 51-1, 92.5-98 5.5 12 SM-Lee Lensoidal chalk 62.50 1.07 2.85 0.52 0.15 
BS-146 " " Lensoidal chalk 57.42 1.25 2.94 0.43 0.13 
BS-145 51-1, 98-104.5 6.5 ·structureless marl 44.00 0.91 1.62 0.89 0.16 
BS-144 " Structureless marl 39.67 0.95 1.57 0.78 0.12 

BS-139 51-2, 0-7 7 12.5 SM-LC Laminated chalk 74.08 1.13 4.36 0.81 



Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units, BS 380A 

Bed 
Total 

Corg cycle 
Sample Core section, thick 

thick Cycle Lithology %CaC03 %Corg carb.- %S %N 
Number cm ness free total total 

cm 
ness 

basis cm 

51-2, 7-12.5 Structureless marl 

I\) 
BS-138 51-2, 52-53.3 1.3 3 SM-SC Structureless chalk 75.92 0.93 3.86 0.36 0.10 

«> BS-137 51-2, 53.3-55 1.7 M Laminated marl 39.25 0.81 1.33 0.77 
-..J 

51-2, 55-55.3 0.3 4 SM-SC Structureless chalk 
BS-136 51-2, 55.3-57 1.7 Structureless marl 40.00 0.90 1.50 0.68 0.14 
BS-135 51-2, 57-59 2 M Structureless marl 38.50 0.73 1.19 0.60 

BS-134 51-2,111-112 1 6 SM-LC Lam. chalk 71.83 0.83 2.95 0.54 0.11 
BS-133 51-2, 112-117 5 .. Structureless mart 42.08 0.79 1.36 0.85 0.14 
BS-132-a " " Structureless marl 44.33 0.82 1.47 0.84 0.21 
BS-132-b " " Structureless marl 50.50 0.77 1.56 0.67 0.12 

BS-131 51-2, 117-127 10 18.5 SM-LC Laminated chalk 73.00 0.66 2.44 0.86 0.10 
BS-130 " 71.00 0.62 2.14 0.81 



I\) 
co 
00 

Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units, BS 380A 

Sample Core section, 
Number cm 

BS-129 
BS-128 

51-2, 127-135.5 

51-2, 138-139 
BS- 127 51-2, 139-148 

BS-123 51-3, 6.5-10.5 
51-3, 10.5-15 

BS-121 51-3, 15.0-16.5 
BS-120 51-3, 16.5-17.5 
BS-119 51-3, 17.5-22 
BS-122 " 

BS-118 51-3, 22.0-23.4 
BS-117 51-3, 23.4-26 

Bed 
thickness 

cm 

8.5 

1 

4 

1.5 
1 

4.5 

1.4 
2.6 

Total 
cycle 
thick Cycle Lithology 
ness 
cm 

Laminated chalk 
" 

Structureless marl 

10 SM-LC Laminated chalk 
Structureless marl 

8.5 SM-SC Structureless chalk 
Structureless marl 

7 SM-SC Structureless chalk 
" Bioturbated zone 
" Calcareous mud 
" Calcareous mud 

4 SM-SC Structureless chalk 
'n Structureless marl 

%CaC03 

68.58 
70.42 

41.67 

74.25 

68.33 

15.43 
19.08 

56.50 
30.25 

%Corg 

0.78 
0.66 

0.87 

0.10 

0.55 

0.74 
0.69 

0.92 
0.57 

Corg carb.-
free basis 

2.48 
2.23 

1.49 

0.39 

1.74 

0.87 
0.85 

2.11 
0.82 

%S %N 
total total 

1.06 0.10 
0.56 

1.45 

0.74 0.19 

0.18 

0.50 
2.39 0.18 

0.11 0.12 
0.16 0.13 



Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units, BS 380A 

Total Corg Bed cycle 
Sample Core section, thickness thick Cycle Lithology %CaC03 %Corg carb. %S %N 
Number cm -free total total cm ness basis 

cm 

BS-116 51-3, 25-26 Structureless marl 

BS-126 51-3, 55-56 1 5.5 SM-SC Structureless chalk 61.00 0.63 1.62 0.14 
BS-125 51-3, 56-60.5 4.5 " Structureless marl 26.92 0.87 1.19 0.09 0.12 
BS-124 " " Structureless marl 25.00 0.68 0.91 0.19 0.12 

I\) 
c.o c.o 

BS-115 51-3, 63.5-64.5 1 5 SM-SC Structureless chalk 69.08 0.59 1.91 0.06 0.12 
BS-114 51-3, 64.5-68.5 4 " Structureless marl 41.25 0.77 1.31 0.25 
BS-113 " " Structureless marl 40.33 0.73 1.22 0.26 
BS-112 " " Structureless marl 39.75 0.85 1.41 0.27 0.14 

BS-111 51-3, 89-90.5 1.5 4 SM-SC Structureless chalk 61.00 0.57 1.46 0.14 0.10 
BS-110 51-3, 90.5-93 2.5 " Structureless marl 39.83 0.79 1.31 0.14 0.12 
BS-109 " " Structureless marl 37.67 0.77" 1.24 0.24 0.13 
BS-108 " " Structureless marl 36.50 0.67 1.06 0.27 0.11 
BS-107 " " Structureless marl 35.42 0.62 0.96 0.22 0.15 

BS-106 51-3, 93-94 1 5 SM-SC Structureless chalk 71.83 0.77 2.73 0.07 0.11 



Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units, BS 380A 

Bed 
Total 

Corg cycle 
Sample Core section, cm thick thick Cycle Lithology %CaC03 %Corg carb.- %S %N 
Number ness free total total 

cm 
ness 

basis cm 

BS-107 51-3, 90.5-93 Structureless marl 35.42 0.62 0.96 0.22 0.15 

BS-106 51-3, 93-94 1 5 SM-SC Structureless chalk 71.83 0.77 2.73 0.07 0.11 
BS-104 51-3, 94-98 4 " Structureless marl 43.58 0.69 1.22 0.25 0.12 
BS-103 " " Structureless marl 41.50 0.94 1.61 0.25 

w 
0 BS-102 51-3, 98-99 1 4 SM-SC Structureless chalk 72.67 0.75 2.74 0.06 0.11 0 

BS-101 51-3, 99-102 3 " Structureless marl 41.58 0.71 1.22 0.16 0.14 
BS-100 " " II Structureless marl 0.26 

BS-99 51-3, 124-128 4 10 SM-LC Clay part of lam. chalk 25.83 1.09 1.47 0.15 0.14 
51-3, 128-134 Structureless marl 

BS-97S 51-3, 134-137 3 Laminated shale 1.10 1.10 0.18 
BS-98 51-3, 141.5-146.5 5 Laminated shale 0.00 0.94 0.94 1.03 

51-4, 32-37 5 13:5 SM-LC Laminated chalk 
BS-GC-4 51-4, 37-45.5 Structureless marl 49.50 1.13 2.24 0.41 0.14 



Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units, BS 380A 

Total· Corg 
Sample Core section, Bed cycle carb.-

%S %N 
Number cm thickness thick Cycle Lithology %CaC03 %Corg 

free 
tot a total cm ness basis 

I 
cm 

BS-95 51-4, 81-84 .3 6 SM-LeC Lensoidal chalk 72.58 1.12 4.09 0.27 0.18 
BS-94 51-4, 84-87 3 " Structureless marl 45.33 1.02 1.87 0.35 0.21 

BS-92-L 51-4, 108.5-113 4.5 11.5 SM-LeC Lensoidal chalk 66.17 1.36 4.02 0.34 0.21 
BS-92-M " Structureless marl 41.83 0.84 1.44 0.15 c.v 
BS-93 51-4, 113-120 7 Structureless marl 32.83 0.86 0.21 0.13 0 1.28 ...... 

51-6, 30-40 10 14 SM-LC Laminated chalk 
BS-90 51-6, 40-44 Structureless marl 41.33 0.84 1.43 0.21 0.14 

BS-91 51-6, 44-49 5 6.5 SM-LeC Lensoidal chalk 69.75 0.65 2.15 0.07 
51-6, 49-50.5 Structureless marl 

BS-88 51-6, 76.5-77.5 1 Corg-rich marl 38.08 0.93 1.50 0.15 

BS-87 51-6, 106-110 6 12 SM-LM Laminated marl 56.33 1.29 2.95 0.32 
51-6, 110-116 Structureless marl 



Aee!ndix B. {Continued} Geochmical data for ueeer and Lower Chalk units1 BS 380A 

Bed Total Corg 
Sample Core section, cm 

thick cy9le 
Cycle Lithology %CaC03 %Corg carb. %S %N 

Number ness thick -free total total 
cm ness basis cm 

BS-86-S 52-1, 53.5-54.5 1 SM-LC Varved chalk 41.58 0.89 1.52 0.20 
BS-86-P 52-1, 54.5-55.5 1 " Structureless chalk 68.83 0.67 2.15 0.12 

BS-86-W 52-1, 55.5-56.5 1 " waxy seam, clay 10.92 0.78 0.88 0.26 part of varve 

BS-84 52-1, 107-109.5 2.5 6.5 SM-LC Lam. chalk, clay part 21.08 1.00 1.27 0.25 0.27 
(..) BS-83 52-1, 109.5-113.5 4 " Structureless marl 41.83 0.91 1.56 0.19 0.17 
0 
I\) 

BS-82 52-1, 113.5-115.5 2 9 SM-LC Laminated chalk 63.08 0.96 2.60 0.13 0.12 
52-1, 115.5-122.5 Structureless marl 

BS-81 52-1, 131-133.5 2.5 8 SM-LC Laminated chalk 65.50 1.34 3.88 0.34 0.18 
BS-80 52-1, 133.5-139 5.5 .. Structureless marl 54.00 0.92 2.00 0.22 0.14 
BS-79 " N Structureless marl 53.67 1.09 2.35 0.17 0.16 
BS-78 " N Structureless marl 54.25 1.00 2.19 0.24 0.15 

BS-77 52-1, 139-142 3 11 SM-LeC Lensoidal chalk 70.33 1.12 3.78 0.33 0.14 
BS-76 52-1, 142-150 8 " Structureless marl 46.75 0.72 1.35 0.34 
BS-75 N " Structureless marl 47.67 0.86 1.64 0.33 0.12 



Aee!ndlx 8. {Continued} Geochemical data for Uee!r and Lower Chalk units1 BS 380A 

Bed Total Corg cycle Sample Core section, thick thick Cycle Lithology %CaC03 %Corg carb.- %5 %N 
Number cm ness free total total 

cm ness basis cm 

BS-74 52-2, 0-14 14 Structureless marl 43.75 0.82 1.46 0.54 
BS-73 Structureless marl 47.83 0.79 1.51 0.33 
BS-72 Structureless marl 50.83 0.64 1.30 0.26 

BS-71 52-2, 14-22 8 13.5 SM-LC Laminated chalk 71.92 1.28 4.56 0.21 0.16 
VJ BS-67 " " Laminated chalk 71.33 1.16 4.05 0.16 0.17 
0 

BS-70 " Laminated chalk VJ " 73.17 0.92 3.43 0.32 0.14 
BS-69 52-2, 22-27.5 5.5 " Structureless marl 46.42 0.82 1.53 0.28 0.15 
BS-66 " " Structureless marl 48.58 0.82 1.59 0.27 0.17 
BS-68 " " Structureless marl 47.92 0.90 1.73 0.30 0.16 

52-2, 48-49 1 5.5 SM-LC Laminated chalk 
BS-65 52-2, 49-53.5 Structureless marl 51.67 0.88 1.82 0.27 0.14 

BS-64 52-2, 53.5-56.5 3 7.5 SM-LC Laminated chalk 62.33 1.11 2.95 0.34 
52-2, 56.5-61 Structureless marl 

BS-63 52-6, o~5.5 5.5 10.5 SM-LC Laminated chalk 62.67 1.36 3.64 0.10 0.12 
BS-62 52-6,5.5-10.5 5 " Structureless marl 37.17 1.16 1.85 0.18 0.16 



Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units, BS 380A 

Bed Total 
Corg 

Sample C f . thick cycle 
% Corg carb. - %S %N 

Number ore sec 1on, cm ness 
thick Cycle Lithology %CaC03 0 free total total 

cm ness basis 
cm 

BS-61 52-6, 71-73 2 7 SM-LM Lam. _Corg-rich marl 40.25 2.06 3.45 0.19 0.18 
52-6, 73-78 Struct. calc. mudstone 

BS-60 52-6, 78-81 3 7 SM-LM Lam. Corg-rich marl 57.58 1.99 4.69 1.15 0.17 
BS-59 52-6; 81-85 Str. Corg-rich marl 42.00 0.91 1.57 0.28 0.15 

w 
0 52-6, 85-91 6 16 SM-LM Lam. Corg-rich marl ~ 

BS-58 52-6, 91-101 Str. Corg-rich marl 42.00 1.10 1.90 0.49 0.14 

BS-57 52-6, 101-110 9 13 SM-LM Lam. Corg-rich marl 55.08 2.14 4.76 0.63 0.20 
BS-56 52-6, 11 0-114 Str. Corg-rich marl 40.50 1.47 2.47 0.41 0.19 

52-6, 114-116 2 19.5 SM-LM Lam. Corg-rich marl 
BS-55 52-6, 116-133.5 Str. Corg-rich marl 41.75 1.09 . 1.87 0.60 0.17 

• Str. Corg-rich marl 39.53 1.23 2.03 
BS-54-2 52-6, 125-130.5 Str. Corg-rich marl 34.25 2.99 4.55 0.61 0.24 
BS-54 52-6, 130.5-133.5 Sapropel 19.33 5.26 6.52 1.20 0.36 



Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units, BS 380A 

Bed Total Corg cycle Sample Core section, cm thick thick Cycle Lithology %CaC03 %C n carb. - %S %N 
Number ness 0 0 Y free total total 

cm ness basis cm 

BS-53 52-6, 137.5-143 5.5 9.5 SM-LC Laminated chalk 64.08 1.90 5.29 0.57 0.18 
52-6, 143-147 Calcareous mudstone 

53-2, 0-15 Structureless marl 38.05 0.36 0.58 

w 
53-2, 92-94 Lam. Laminated chalk 0 

01 

BS-52 53-2, 125-129 4 7 SM-SC Structureless chalk 75.42 0.90 3.66 0.09 0.19 
BS-51 M M Bio. chalk 76.00 0.60 2.50 0.10 0.15 
BS-49 53-2, 129-132 3 M Structureless marl 48.75 0.79 1.54 0.24 

BS-50 53-2, 132-134.5 2.5 3.2 SM-LC Clay of lam. chalk 43.08 0.84 1.48 0.32 0.14 
BS-48 M M Laminated chalk 78.33 0.70 3.23 0.06 
BS-47 M M Varved chalk/mdstn 57.67 1.02 2.41 0.12 0.14 
BS-46 53-2, 134.5-135.2 0.7 M Structureless marl 27.25 0.66 0.91 0.10 0.14 

BS-45 53-2, 135.2-135.7 0.5 2.3 SM-LC Microlam. chalk 73.58 0.71 2.69 0.10 0.18 
BS-44-b 53-2, 135.7-137.5 1.8 M Laminated marl 41.33 0.75 1.28 0.14 



Aee!ndix B. ~Continued} Geochemical data for Uee!r and Lower Chalk units1 BS 380A 

Bed Total Corg . cycle Sample Core section cm thick thick Cycle Lithology %CaC03 %Corg carb. %S %N 
Number ' ness -free total total 

cm ness basis cm 

BS-44a 53-2, 137~5-138.5 1 2.5 SM-LC Microlam. chalk 71.50 0.94 3.30 0.12 0.14 
53-2' 138.5-140 Struct. cal. mudstone 

BS-43 53-2, 140-142 2 9 SM-SC Structureless chalk 73.58 0.55 2.08 0.10 
BS-42 53-2, 142-149 7 • Structureless marl 46.08 0.86 1.60 0.48 0.14 
BS-41 • • Structureless marl 37.58 0.93 1.49 0.24 0.17 

w 
0 
O> BS-37 53-3' 119-123 4 Cycle Lam. varved chalk 61.17 0.74 1.91 0.10 

BS-35 53-5, 38-41 3 14 SM-LeC Lensoidal chalk 75.67 1.31 5.38 0.28 0.14 
BS-34 " " Lensoidal chalk 73.67 1.49 5.66 0.31 0.14 
BS-33 " " Lensoidal chalk 71.83 1.08 3.83 0.51 0.13 
BS-32 53.5, 41-52 11 • Structureless marl 37.00 0.78 1.24 0.37 0.13 
BS-31 " • Structureless marl 39.17 0.77 1.27 0.44 0.16 
BS-30 • • Structureless marl 42.25 1.04 1.80 0.27 0.12 
BS-29 " Structureless marl 45.33 0.98 1.79 0.43 0.17 
BS-28 " • Structureless marl 35.75 0.86 1.34 0.63 0.15 
BS-26 .. "+chalk stringer 75.92 1.20 4.98 0.28 0.16 



Appendix B. (Continued) Geochemical data for Upper and Lower Chalk units, BS 380A 

Bed Total Corg cycle Sample Core section, thick thick Cycle Lithology %CaC03 %Corg carb. %S %N 
Number cm ness -free total total 

cm ness basis cm 

53-5, 52-53.5 1.5 5.5 SM-Lee Lensoidal chalk 
BS-27 53-5, 53.5-57.5 4 " Structureless marl 45.25 1.17 2.14 0.29 0.23 
BS-25 " Structureless marl 46.67 1.06 1.99 0.33 0.14 

BS-24 53-5, 57.5-58 0.5 9.5 SM-Lee Lensoid chalk 72.92 1.41 5.21 0.20 0.26 
w 

BS-23 53-5, 58-67 9 " Structureless marl 33.08 0.82 1.23 0.54 0.16 0 
--..J 

BS-22 " Structureless marl 44.33 0.99 1.78 0.47 0.19 
BS-21 " " Structureless marl 46.92 0.93 1.75 0.30 0.16 
BS-20 II " Structureless marl 51.50 1.08 2.23 0.14 0.15 

BS-19 53-6, 69-72 3 SM-Lee Lensoidal chalk 50.67 1.32 2.68 0.41 0.20 
BS-18 " " transitional 39.92 0.98 1.63 0.86 0.24 
BS-17 53-6, 72-83 11 " Structureless marl 40.50 0.98 1.65 0.85 0.13 
BS-16 " " Structureless marl 42.00 1.12 1.93 0.66 0.17 
BS-15 " " Structureless marl 43.00 1.17 2.05 1.16 0.16 
BS-14 " " Structureless marl 28.75 0.96 1.35 0.36 0.15 



Appendix B. (Continued) Geqchemical data for Upper and Lower Chalk units, BS 380A 

Bed Total 
Corg cycle Sample Core section, thick 

thick Cycle Lithology %CaC03 %Corg carb.- %S %N 
Number cm ness free total total 

cm ness basis cm 

BS-GC-2 54-1, 0-121 Sapropel 0.00 
BS GC-1 H H 44.75 1.23 2.23 0.78 0.24 

BS-12 55-1, 109-126 Varved chalk 57.83 1.48 3.51 0.10 0.23 

55-2, 40-50 Calcareous shale 2.33 2.21 2.26 

w 55-2, 50-57 Calcareous shale 1.54 
0 
CX> 

55-3, 0-98 Calcareous shale 14.76 0.84 0.99 

55-4, 21-32 Calcareous shale 0.88 0.61 0.62 

BS GC-3 56-1, 93-110 Calcareous shale 44.83 2.58 4.68 0.53 0.20 

BS2a 56-3, 0-120 Fissile shale 0.08 1.57 
as2b H Fissile shale 0.00 1.55 

H Fissile shale 0.80 1.94 1.96 0.25 
BS-10 56-4, 0-7 Fissile shale 19.83 10.94 13.65 0.95 0.41 

BS-9 56-4, 7-17 Laminated marl 44.17 1.73 3.10 0.82 0.18 



Appendix C. Stable isotope data for Upper and Lower Chalk units, 380A 

Sample Depth Range, m Core section, cm Cycle Lithology a13Corg <J13C calcite a 180 calcite Number 
OPPER CHALK UNIT cores 13 to 34-5, 11 Ocm 

P-1 447.785-447.80 13-1, 128.5-130 Cy Structureless chalk -23.86 3.44 -5.66 
P-2 447.80-447.81 13-1 ' 130-131 " Marl-grey -25.59 1.92 -5.12 

D-2 459.0-459.025 14-3, 0-2.5 Cy Structureless chalk -26.89 2.03 -5.64 
D-1 459.025-459.065 14-3, 2.5-6.5 " ·sioturbated marl -27.09 0.63 -7.54 

G-1 459.185-459.205 14-3, 18.5-20.5 Cy Structureless chalk -26.91 2.04 -5.39 
G-2 459.205-459.232 14-3, 20.5-23.2 " Marl-grey -25.92 1.33 -5.95 

w 
0 H-1 459.375-459.43 14-3, 38-39 Cy Structureless chalk -26.58 2.38 -4.60 <D 

H-2 459.42-459.43 14-3, 42-43 " Structureless chalk -26.89 2.57 -4.56 
H-3 459.43-459.47 14-3, 43-44 " Bioturbated marl -26.79 1.92 -5.46 
H-4 459.455-459.465 14-3, 45.5-46.5 " Marl-grey -25.73 1.56 -4.76 

J-1 459.585-459.615 14-3, 58.5-61.5 Cy Structureless chalk 2.83 -5.35 
J-2 459.615-459.64 14-3, 61.5-64 II Laminated marl 1.85 -5.66 

K-1 459.64-459.65 14-3, 64-65 Cy Structureless chalk -27.32 . 2.74 -5.27 
K-2 459.65-459.667 14-3, 65-67 " Marl-grey -26.12 1.93 -5.55 

L-1 459.69-459. 725 14-3, 69-72.5 Cy Structureless chalk -27.45 3.26 -4.45 
L-2 459. 725-459. 7 4 14-3, 72.5-74 " Marl -27.13 3.00 -4.49 
L-3 " 14-3, 73-74 " Marl-grey -25.78 2.01 -4.14 



Appendix C. (Continued) Stable Isotope data for Upper and Lower Chalk units, 380A 

Sample Depth Range, m Core section, cm Cycle Lithology <J13Corg <J13C calcite a 180 calcite Number 
M-1 459.85-459.885 14-3, 85-88.5 Cy Structureless chalk 3.19 -4.53 
M-2 459.885-459.91 14-3, 88.5-91 .. Marl -25.69 2.72 -4.60 

BS-173 460.34-460 .49 14-3, 136-137 Structureless chalk -28.20 3.12 -4.91 

BS-176 460. 76-460. 78 14-4, 26-28 Structureless chalk -25.45 

R-3 463.66-463.68 14-6, 16-18 Marl-brown -24.54 

w R-2 464.78 14-6, 128 Cy Structureless chalk -24.98 1.83 -5.11 _.. 
R-1 464.80-464.82 14-6, 130-132 .. L. black mud -24.63 1.49 -4.30 0 

BS-209 496.98-496.99 18-2, 148-149 2.30 -5.09 
BS-210 497.01-497.02 18-3, 1-2 18-03, alternating beds 2.61 -5.46 
BS-211 497 .05-497 .06 18-3, 5-6 of chalk or -24.81 2.61 -5.46 
BS-212 497.18-497.19 18-3, 18-19 sideritic chalk 
BS-213 497.24-497.25 18-3, 24-25 and marl -24.27 
BS-216 497.80-497.81 18-3, 80-81 Sideritic marl 2.86 -4.68 
BS-217 497 .92-497 .93 18-3, 92-93 Sideritic marl -25.59 
BS-218 497 .96-497 .97 18-3, 96-97 Marl 2.41 -4.93 
BS-223 515.61-515.62 20-2, 111-112 Calcareous mud 1.85 -4.37 
BS-228 549.27-549 .28 23-6, 27-28 Marl 2.22 -4.08 
BS-235 638.52-638.53 34-2, 52-53 Marl -24.98 2.61 -4.30 



Agggns;tix ~= (~2nlinygs;t} ~i!bl! 1~21212! di!lil fg[ !.(gg1c gns;t L2w1r ~tJglk ynill1 ~§QA 
Sample Depth Range, m Core section, cm Cycle Lithology at3Cor () 13C calcite <J180 calcite Number g 
BS-236 639. 76-639. 77 34-3, 26-27 Marl -24.57 
BS-237 639.8-639.81 34-3, 30-31 Marl 2.27 -4.43 

784.895-784.955 49-5, 39.5-45.5 SM-LC Laminated chalk 
784.955-785 49-5, 45.5-50 Structureless marl 3.41 -4.83 

BS-163 789.155-789.169 50-1, 115.5-116.9 SM-SC Structureless chalk -26.43 3.06 -3.75 
BS-162 789.169-789.18 50-1, 116.9-118 Calcareous mud (bio) -24.91 2.06 -3.29 
BS-161 789.18-789.21 50-1 ' 118.5-119 .5 Calcareous mud -24.88 2.15 -2.68 

w ...... BS-159 789.62-789.63 50-2, 12-13 Laminated chalk 3.51 -4.43 ...... 
BS-158 790.575-790.585 50-2, 107.5-108.5 SM-SC Structureless chalk 
BS-157 790.585-790.63 50-2, 108.5-113 Structureless marl 2.44 -3.96 

790.80-790.90 50-2, 130-140 Structureless chalk -24.92 
BS-153 797.98-797.995 51-1, 48-49 SM-SC Structureless chalk -27.71 3.82 -3.53 
BS-152 797.995-798.075 51-1,49-57.5 " Laminated marl -25.28 2.49 -3.15 
BS-151 " " " Lam. calc. mud -25.31 2.32 -3.26 

followed down by 1 0 
cm thick marl 

BS-148 798.295-798.335 51-1, 79.5-83.5 Corg-rich marl -25.20 2.28 -3.15 

BS-149 798.37-798.395 51-1, 87-89.5 SM-Lee Lensoid chalk 3.17 -2.85 

798.395-798.42 51-1, 89.5-92 Structureless marl 



Appendix C. (Continued) Stable isotope data for Upper and Lower Chalk units, 380A 
Sample Depth Range, m Core section, cm Cycle Lithology at3Corg at3C calcite at BO calcite Number 
BS-147 798.425-798.48 51-1, 92.5-98 SM-Lee Lensoid chalk 3.07 -2.75 

BS-146 " " " Lensoid chalk 3.09 -2.52 
BS-145 798.48-798.545 51-1, 98-104.5 Structureless marl 2.46 -3.76 

BS-144 " " Structureless marl 2.48 -3.54 

BS-138 799.52-799.533 51-2, 52-53.3 SM-SC Structureless chalk 3.89 -3.46 

BS-137 799.533-799.55 51-2, 53.3-55 " Laminated marl -23.68 2.67 -3.64 

BS-135 799.57-799.59 51-2, 57-59 " Structureless marl 2.65 -3.52 
w ...... 
I\) BS-134 800.11-800.12 51-2, 111-112 SM-LC Lam. chalk -25.18 2.91 -4.38 

BS-133 800.12-800.17 51-2, 112-117 " Structureless marl -25.18 1.90 ··-3.94 

BS-132-a " " " Structureless marl -25.26 2.36 -3.38 
BS-132-b " " " Structureless marl -22.75 2.51 -3.39 

BS-131 800.17-800.27 51-2, 117-127 Laminated chalk 
BS-130 " -25.32 2.82 -4.13 

BS-121 800.65-800.665 51-3, 15.0-16.5 SM-SC Structureless chalk 2.76 -5.40 
BS-120 800.665-800.675 51-3, 16.5-17.5 " Bioturbated zone 
BS-119 800.675-800.72 51-3, 17.5-22 Calcareous mud 1.93 -3.52 

BS-122 .. N N Calcareous mud 1.93 -3.65 



Appendix C. (Continued) St~ble Isotope data for Upper and Lower Chalk units, 380A 
Sample Depth Range, m Core section, cm Cycle Lithology J13Corg a 13C calcite a 180 calcite Number 
BS-118 800. 72-800. 734 51-3, 22.0-23.4 SM-SC Structureless chalk 2.59 -4.41 
BS-117 800. 734-800. 76 51-3, 23.4-26 " Structureless marl -24.56 2.38 -3.52 
BS-116 " 51-3, 25-26 " Structureless marl 

BS-126 801.05-801.06 51-3, 55-56 SM-SC Structureless chalk -25.92 3.05 -2.32 
BS-125 801.06-801.105 51-3, 56-60.5 " Structureless marl -25.25 2.99 -2.55 
BS-124 " • " Structureless marl -25.18 2.97 -2.66 

w BS-115 801.135-801.145 51-3, 63.5-64.5 SM-SC Structureless chalk 3.16 -2.60 
~ 

BS-114 w 801.145-801.185 51-3, 64.5-68.5 M Structureless marl -24.81 2.81 -4.17 
BS-113 " • M Structureless marl 2.73 -4.09 
BS-112 " " " Structureless marl -24.08 2.69 -3.64 

BS-111 801.39-801.405 51-3, 89-90.5 SM-SC Structureless chalk -26.94 3.08 -1.84 
BS-110 801.405~801.43 51-3, 90.5-93 " Structureless marl -25.18 2.46 -3.11 
BS-109 " • " Structureless marl -24.93 2.38 -3.07 
BS-108 " • " Structureless marl -25.67 2.23 -3.34 
BS-107 " " M Structureless marl 

BS-106 801.43-801.45 51-3, 93-94 SM-SC Structureless chalk -25.71 3.28 -2.50 
BS-104 801.45-801.48 51-3, 94-98 " Structureless marl -24.27 2.52 -3.46 
BS-103 M H H Structureless marl -24.37 2.30 -3.80 



Appendix C. (Continued) Stable Isotope data for Upper and Lower Chalk units, 380A 
Sample Depth Range, m Core section, cm Cycle Lithology iJ13Corg a 13C calcite a 180 calcite Number 
BS-95 802.81-802.84 51-4, 81-84 SM-Lee Lensoid-type chalk 3.65 -5.26 
BS-94 802.84-802.87 . 51-4, 84-87 " Structureless marl 3.13 -4.76 

BS-92-L 803.07-803.08 51-4, 108.5-113 SM-LeC Lensoid-type chalk 3.49 -5.35 
BS-92-M 803.08-803.10 " Structureless marl 
BS-93 51-4, 113-120 Structureless marl 2.66 -3.80 

BS-88 805. 765-805. 775 51-6, 76.5-77.5 Corg-rich marl 3.16 -5.25 

w BS-83 808.595-808.635 52-1, 109.5-113.5 Structureless marl 2.98 -5.22 ...... 
~ 

BS-82 808.635-808.655 52-1, 113.5-115.5 SM-LC Laminated chalk 3.41 -6.04 
808.655-808. 725 52-1, 115.5-122.5 Structureless marl 

BS-81 808.81-808.835 52-1, 131-133.5 SM-LC Laminated chalk -24.61 3.37 -6.14 
BS-80 808.835-808.89 52-1, 133.5-139 " Structureless marl -24.33 
BS-79 " " " Structureless marl -24.22 
.BS-78 " " " Structureless marl -24.48 

BS-77 808.89-808.92 52-1, 139-142 SM-LeC Lensoid chalk -24.67 
BS-76 808.92-809 52-1, 142-150 " Structureless marl 
BS-75 " ff Structureless marl -24.22 1.91 -6.16 



Appendix C. (Continued) Stable Isotope data for Upper and Lower Chalk units, 380A 

Sample Depth Range, m Core section, cm Cycle Lithology i)13Corg ()13C a 180 calcite Number calcite 

BS-71 809.14-809.22 52-2, 14-22 SM-LC Laminated chalk -24.80 3.40 -5.76 

BS-67 .. .. " Laminated chalk -24.64 3.45 -5.47 

BS-70 .. " " Laminated chalk -24.80 

BS-69 809.22-809.275 52-2, 22-27.5 .. Structureless marl -24.72 

BS-66 " " " Structureless marl 

BS-68 .. " " Structureless marl -24.15 3.14 -4.38 

w BS-57 816.01-816.10 52-6, 101-110 SM-LM Lam. Corg-rich marl -24.16 ..... 
0'1 BS-56 816.10-816.14 52-6, 110-114 Str. Corg-rich marl 

816.14-816.16 52-6, 114-116 SM-LM Lam. Corg-rich marl 

BS-55 816.16-816.335 52-6, 116-133.5 Str. Corg-rich marl -24.51 
.. " Str. Corg-rich marl 

BS-54-2 .. 52-6, 125-130.5 Str. Corg-rich marl -24.12 2.38 -5.38 

BS-54 " 52-6, 130.5-133.5 Sapropel -23.91 

818.38-819.45 53-2, 92-94 Laminated chalk 3.95 -2.66 

BS-43 819.9-819.92 53-2, 140-142 SM-SC Structureless chalk -23.85 3.32 -3.55 

BS-42 819.92-819.99 53-2, 142-149 .. Structureless marl -24.02 

BS-41 .. .. .. Structureless marl -23.78 



Appendix C. (Continued} Stable isotope data for Upper and Lower Chalk units, 380A 

Sample Depth Range, m Core section, cm Cycle Lithology iJ13Corg iJ13C calcite a 180 calcite Number 

BS-35 823 .38-823.41 53-5, 38-41 SM-LeC Lensoid chalk -24.97 3.77 -5.81 
BS-34 " II Lensoid chalk -25.11 
BS-33 " ff Lensoid chalk -25.19 3.72 -5.71 
BS-32 823.41-823.52 53.5, 41-52 " Structureless marl -25.36 3.50 -4.92 
BS-31 " II " Structureless marl -25.24 3.56 -5.00 
BS-30 II " Structureless marl -25.01 3.55 -4.91 

w BS-29 " Structureless marl -25.40 ...... 
a> 

BS-28 " " Structureless marl -25.12 
BS-26 " " " "+chalk stringer -25.96 

823.52-823.535 53-5, 52-53.5 SM-LeC Lensoid chalk 
BS-27 823.535-823.575 53-5, 53.5-57.5 " Structureless marl -24.79 

BS-25 " " Structureless marl -24.83 

BS-24 823.575-823.58 53-5, 57.5-58 SM-LeC Lensoid chalk -25.16 3.80 -5.74 
BS-23 823.58-823.67 53-5, 58-67 " Structureless marl -26.24 

BS-22 " " Structureless marl -25.40 

BS-21 " " Structureless marl -25.42 3.64 -3.91 
BS-20 " II Structureless marl -25.15 



Appendix C. (Continued) Stable Isotope data for Upper and Lower Chalk units, 380A 

Sample Depth Range, m Core section, cm Cycle Lithology iJ13Corg iJ13C ()180 
Number calcite calcite 

BS-19 825.19-825.22 53-6, 69-72 SM-Lee Lensoid chalk -26.63 3.31 -5.20 
BS-18 " " " transitional -26.51 3.01 -4.69 
BS-17 825.22-825.33 53-6, 72-83 " Structureless marl -26.43 3.00 -5.34 
BS-16 " " " Structureless marl -26.10 
BS-15 " " " Structureless marl -26.44 2.70 -6.46 
BS-14 " " .. Structureless marl -26.24 2.34 

w _., 
--.J 

BS-GC-2 826.50-827. 71 54-1, 0-121 Sapropel -26.05 
BS GC-1 " " -24.67 

BS-12 837 .09-837 .26 55-1, 109-126 Varved chalk 

837.9-838 55-2, 40-50 Calcareous shale -24.60 
BS GC-3 846.43-846.60 56-1, 93-110 Calcareous shale -25.17 

BS2a 848.50-849. 70 56-3, 0-120 Fissile shale -26.13 

BS2b " " Fissile shale 

" " Fissile shale 

BS-10 850.00-850.07 56-4, 0-7 Fissile shale -23.70 
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