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Abstract 

The debate about the effect of organic matter (OM) on the transformation of smectite to 

illite is still controversial. Some authors postulate an acceleration of the illitization process 

in presence of OM, for others OM inhibits the illitization or has not influence. This study 

concentrated on the expandability behaviour of illite-smectite mixed layers (IS) in OM- 

rich and OM-poor sediments showing different carbonate carbon content. For this purpose, 

the geochemical and clay mineralogical investigation of three weakly thermally overprinted 

Lower Cretaceous sedimentary sequences from different basins of the W-Tethys realm 

(Gorgo a Cerbara, Central Apennines; Cismon, Southern Alps; Roter Sattel, Swiss Prealps) 

was performed at a high resolution. The sedimentary sequences arc characterized by a 

transition from pelagic limestones to hemipelagic marly limestones and marl, alternating 

with black shales (organic carbon content, Corg: up to 11 wt%). The onset of the hemipelagic 

serie showed a 2-5 m thick OM-rich sequence of siliceous limestones and shales known as 

“Live110 Selli” (LS, Oceanic Anoxic Subevent la). Each section showed a different thermal 

history and various amount of carbonate in the LS. In all sections the maximum burial 

temperature of 60- 100 “C inferred from the ordering of IS and the OM thermal maturity, 

indicated that the smectite to illite transformation was a solid state reaction. The clay 

fraction consisted of lM/iMd illite, Fe-poor chlorite, randomly ordered (at Roter Sattel 

ISI-ISII-ordered) IS, biogenic quartz and Na-rich feldspars. IS from black shales and 

carbonate-poor horizons showed a lower content of expandable layers (up to 30%) than 

those from Corg-poor sediments. K-Ar dating and TEM observations confirmed the 

diagenetic origin of IS and the detrital origin of the coarse illite minerals. The results 

showed that sediments with a low amount of carbonate and detrital silicate minerals are 

less favourable for illitization of the mixed layers and that the presence of OM in the early 

Aptian pelagic carbonaceous sediments had no direct influence on the illitization reaction. 

A tindamental methodological aspect of this study concerned the removal of the OM 

from clay-rich sediments, since unless the OM in clay-containing rocks is removed, 

physicochemical clay properties can hardly, if at all, be determined. Until now there was 

not any efficient way to remove the OM under ~1-1 conditions ranging from 4 to 9, where 

clay minerals remain unaffected. The yields of using traditional oxidants such as sodium 

hypochlorite, hydrogen peroxide and low temperature ashing with ozone, as well as the 

enzymatic proteolysis were usually much lower than 90%. Therefore, the treatment process 

had to be repeated several times and even then the yields did not exceed 93%. In order to 

improve the efficiency of OM retnoval, a novel, simplistic, one step method using the 

combination of sodium peroxodisulfate with different buffers was developed. .Up to 98% 



of the Corg initially present in the sediment were removed and the best results were obtained 

within the ~1-1 range of 5 to 9. The effects of the new oxidation procedure on the clay 

mineral structure were investigated by treatment of different standard clay. Systematic 

experiments were furthermore conducted to determine the effects of leaching on the 
chemical and isotopic composition of oxygen, hydrogen and K-Ar in these samples. Effects 

on the physico-chemical properties of clays such as the BET-external surface area, the 

cation exchange capacity and expandability with ethylene glycol were also investigated. 

All investigations revealed that the structure, the chemical composition, the oxygen and 

hydrogen isotope ratios as well as the K-Ar system, the CEC and the expandability remained 

unaffected by leaching with disodium peroxodisulfate. 
The coincidence of differently expandable IS and the quantitative variations of the clay 

minerals assemblages indicated that environmental factors during soil weathering on the 

continent and during transport and deposition of the clay minerals had a further, crucial 

role for the indirect control of the expandability evolution of IS. In order to improve the 

understanding of the paleocnvironmental feature dominating the deposition of the pelagic 

carbonate-rich and carbonate-poor alternations, high-resolution S13C stratigraphy was 

perfortned on the bulk carbonate rock-matrix and on the bulk OM, focussing on the OM- 

rich LS. The LS coincides with the onset of the major early Aptian positive ij13C-excursion, 
lasting several millions years, with peak-values of 813C~1rb up to +4.5%0 and &13C,rg - 

23%0, recorded in the several sedimentary sequences from the major World’s oceans. Unlike 

previous records, the high resolution 813C stratigraphy revealed that the LS does not 

represent the time of tnaximum positive A@3C gradient during the early Aptian, but reflects 

a time of constant values, lasting 500 ka -1 Ma, of 813ccarb and S13Corg at +2.6-2.8%0 and 

-25%0, respectively. The high-resolution S13C record through the LS permitted to reinterpret 

the deposition of the “Live110 Sell? as the peculiar oceanographic expression of a m+joor 

greenhouse climate event resulting in vigorous intermediate water circulation, strong 
nutrient and carbon recycling at a time of global surface ocean warming inferred from the 

&Ix0 signal. This new mode of oceanic circulation favoured enhanced preservation factors 

and higher Corg accumulation rates, although the LS deposited during persistent dysoxic- 

oxic conditions. The change in 6ljC before and after deposition of the LS indicated that 

the OAE circulation mode and the high accumulation of the OM in the pelagic realms 

were not favourable for excess IIC-fixation in the sediment and did not affect the global 

carbon isotope budget. Several 613C-records of Mesozoic and Tertiary age show similar 

patterns prior to and during positive 813C-shifts. This suggested a similar response of the 
oceanic circulation to external, presumedly tectonovolcanically induced perturbations of 

the climate affecting the hydrological and nutrient cycles, indicated by a sharp shift of 

h13C to lower values at the onset of the LS and the increase of A613C. Summarizing, the 

results indicated that the paleoenvironmental conditions controlled, beyond the deposition 

of OM, biogenic carbonate and quartz, also the deposition of the peculiar clay minerals 
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assemblages. Hence, the paleoenvironmental heritage, indicated by the differently 

negatively charged smectitic layers in the IS? and the carbonate content, controlling the 

secondary porosity of the sediment, resulted in the different extent of the smectite to illite 

transformation. 

Riassunto 

L’influsso della materia organica (MO) sulla trasformazioue di argille smettitichc in illitiche 

i: ancora oggctto di dihattiti controversi. Alcuni autori postulano LHI’ accelerazione de1 

process0 in presenza di MO, second0 altri la MO inibiscc l’illitizzazione o non ha influenza 

alcuna. II presente studio si concentra sull’ cspandiblilith di di interstrati misti di illite- 

smectite (IS) in sedimenti ricchi e privi di MO a differente tenore di carbonate. A quest0 

scope 6 stato cffettuato uno studio ad alta risoluzione di geochimica e di mineralogia delle 
argille in sezioni de1 Cretaceo inferiore depositate in differenti ambienti di sedimentazione 

della Tetide occidentale e sottoposte a differente alterazione termica durante la diagenesi 

(Gorgo a Cerbara, Appennini centrali; Cismon, Sudalpino; Roter Sattel, Prealpi svizzere). 

Le sequenze sono caratterizzate dalla transizione da calcari pelagici a calcari marnosi e 

marne emipelagiche alternate a “black shales” (carbonio organico, Corg, tine a 11 wt%). 
La base della serie emipelagica it caratterizzata da un intervallo di 2-S m di calcarei silicei 

e scisti ricchi di MO noto come “Live110 Selli” (LS? sincrono all’evento oceanic0 anossico 

OAE la). In ogni sezione il LS presenta differenti tenori di carbonato e una differente 

alterazione termica. Dalla mahirith della MO e dall’ ordinamento degli interstrati misti di 

IS si pud dedurre the in tutte le sezioni le temperature non state superiori ai 60-l 00 “C. La 

frazione argillosa consiste di illite lM/lMd, clorite povera di Fe, IS con ordinamento Ro 

(a Roter Sattel ISI-WI), quarzo biogenico e feldspato albitico. L’ IS nei “black shales” e 

nei sedimenti poveri di carbonate (<40%) mostra un contenuto sistematicamente piil basso 
di strati espandibili (fin0 a 30% in meno) rispetto ai calcari poveri di MO. La datazione al 

K-Ar e osservazioni al TBM confermano 1’ origine diagcnctica dell’ IS e 1’ origine detritica 

dell’ illite. I risultati indicano the i sedimenti a bassi tenori di carbonato e frazione detritica 

di silicati sono meno consoni all’ illitizzazione dell’ IS. Inoltre la presenza di MO nei 

sedimenti pelagici dell’ Aptiano inferiore non ha avuto apparente influenza sulla reazione 

di illitizzazione. 

Un aspetto fondamentale legato alla metodologia applicata a questo shldio concerne ncla 

rimozione della MO dai sedimenti argillosi, poich6 finch& la MO non 6 completamente 

rimossa, le proprieti Csico-chimiche delle argille non possono esscre determinate. Fino 

ad oggi un metodo efficace di rimozione dclla MO non era disponibile nell’ ambito di pH 

compreso tra 4 e 9, nel quale i minerali argillosi non sono alter&i. Utilizzando soluzioni 

ossidanti tradizionali quali 1’ ipoclorito di sodio, il perossido di idrogeno, la combustione 

a bassa temperahxa con ozono e la proteolisi enzimatica la rimozione della MO non supera 
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il 90 O/o de1 carbonio inizialmente presente nel sedimento. Anche dopo le necessarie 

ripetizioni de1 trattamento, i risultati non superano il 93 %. Al fine di incrementare 1’ 

efficacia nella rimozione della MO, 6 stato sviluppato un metodo IILIOVO c semplice di 

rimozione consistente nell’ uso di perossidisolfato di disodio combinato con differenti 

soluzioni tamponanti. Con quest0 metodo, piil de1 98 % della MO pui, essere rimossa ad 
un pF1 tra 5 e 9. Gli effetti de1 nuovo metodo di ossidazione sulla struttura delle argille 

sono stati studiati analizzando differenti materiali argillosi standard. Esperimenti sistematici 

sono stati condotti al fine di studiare 1‘ cffetto dcl “leaching” con il perossidisulfato di 

disodio sulla composizione isotopica dell’ ossigeno, dell’ idrogeno e de1 K-Ar. Inoltre 

sono stati studiati gli effetti sulle proprictj fisico-chimiche, yuali l’area sccondo BET, la 

capacith d’ interscambio dei cationi (CEC) e 1’ espandibilith dopo la glicolazione. Tutte gli 

esperimenti hanno mostrato the il nuovo metodo di ossidazione della MO oltre the essere 

efficace non altera minimatnente i minerali argillosi. 
La coincidenza dclle variazioni dell’ espandibilith con le variazioni quantitative dei minerali 

argillosi appaiono indicare the i f&tori ambientali the hanno controliato la degradazione 

meteorica dei suoli, il trasporto e la deposizione dei minerali argillosi hanno csercitato un 

ruolo fondamentale pure nel controllo dell’ espandibilit8 dell’ IS. La chemostratigrafia ad 

alta risoluzione degli isotopi de1 carbonio (de1 carbonate e della MO) e dell’ ossigeno (de1 

carbonate) i: stata studiata allo scope di meglio comprendere i principali fattori ambientali 

presenti al moment0 della deposozione dcgli strati ricchi di MO cotne il LS. Quest0 coincide 

con 1’ inizio della maggiore escursione positiva de1 S13C dell’ Aptiano inferiore, registrata 
nei maggiori oceani, the ha una durata di diversi milioni di anni e valori massitni fino a 

t-4.5%0 e -23%0 per il 813ccarb e il 613C erg rispettivamente. A differenza dei dati 

precedentemente pubblicati, ii LS non rappresenta il period0 de1 massimo gradiente A,S13C 

dell’ Aptiano inferiore, bensi un period0 di stabilizzazione della durata di 500 ka - 1 Ma, a 

valori di rispettivamente. i-2.6-2.8%0 e -25%0 per il S13C,xb e il ~~Xhrg. L‘ alta risoluzione 

delle analisi all’ interno de1 LS ha pcrmesso di reinterpretare il deposit0 de1 “Live110 Selli”: 

esso rappresenta il risultato di ~111 peculiare modello di circolazione dell’ ocean0 durante 

un period0 di incremento dell’ effetto serra, risultante in un autnento della temperatura 

dell’ acqua superficiale, un‘ accelerata e intensificata circolazione delle masse d’ acqua 

intermediaria, degli elementi biolimitanti e de1 carbonio. II nuovo modello di circolazione 

ha favorito 1’ incremento de1 tasso di conservazione e di accumulo della MO, benchi: il LS 

sia stato depositato in persistenti condizioni disossiche-ossiche, ma non anossiche. Le 

grandi variazioni de1 61iC alla base de1 LS e alla sua sommit;i. indicano the la peculiare 

circolazione durante 1’ OAE e 1’ alto accumulo di MO nel dominio pelagic0 non hanno 

favorito la fissazione di 12C nel sediment0 e non hanno influito sul bilancio isotopic0 
globale de1 carbonio. Diversi rilevamenti de1 S13C de1 Mesozoico e de1 Terziario presentano 

un modello simile pritna c durante 1’ escursione positiva de1 613C. Ci6 suggerisce una 
sistematica reazione della circolazione oceanica a pet-turbazioni climatiche presumibihnente 
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controllate da un’ intensa attivitA tettonovulcanica e un conseguente innalzamento dei 

livelli di CO;? nell’ atmosfera. 

Riassumendo, i risultati di quest0 studio indicano the peculiari condizioni ambientali hanno 

controllato, oltrc al deposit0 di MO, carbonate e quarzo biogenici, pure il deposit0 di uno 

spettro di minerali argillosi caratteristico. L’ ereditA paleoaliibientale, rivelata dalla differcnte 

carica negativa degli strati smettitici dell’ IS, da1 differente tenore di carbonato e dalla 

differente porosita secondaria de1 sedimento, ha cosi controllato il tasso di trasformazione 

della smectite in illite. 
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1. INTRODUCTION 

1.1 Thematic Introduction 

It has extensively been documented, that the clay mineralogical composition of a sediment 

is controlled by four major factors: (a) the mineralogical composition of the source areas, 

(b) the dominating paleoenvironmental scenario (precipitation, temperature, runoff, 

atmospheric- and oceanic circulation patterns), (c) the paleotectonic activity in the 

sedimentation and source areas, and (d) the syn- and/or postdepositional diagenetic alteration 

of the sediment [e.g., M/lot, 1970, p.6Sff; ClimlIe,s, 1989, p.2lff. 

During the last 40 years the illitization of smectite, i.e. the syn- to postdepositional 

transformation of the end-member smectite to the end-member illite through the gradual 

increment of the illiteismectite ratio in the mixed-layer mineral [&to et al., 1965, p. 180; 

Reynolds nndffower, 1970, p.29ff; Bethke mdAltmer, 1986, p. 136ff; BetMe et al., 1986, 

p. 127ff; Srodon et nl., 1986, p.37Offl, has been one of the most studied processes in clay 

research because of its economic relevance in petroleum exploration [e.g., Burst, 1959, 

p.327ff; PEaver, 1960, p.1507ff; Powem, 1967, p.1241ff; S’hzttov et al., 1969, pS23ff; 

Waver and Beck, 1971, p.69ff; BTLIC~, 1984, 678ff; Burtner. and Wnrner, 1986, p.397; 

Deng et nl., 1996, p.167ffZ and many others]. For this reason, the investigations focussed 

on sedimentary sequences related to hydrocarbon reservoirs or source rocks. In this context, 

pioneer work on the understanding of the illitization process of smectite has been performed 

on the organic matter-rich Oligocene-Miocene sandstones and shales of the Gulf of Mexico 

“Case Western Reserve University Gulf Coast 6” well (CWRUG): one of the best studied 

burial diagenctic sequences, and for decades considered as the <vpe .?o,o of the burial 

diagenesis’ of smcctitic clays [e.g., Peuy and Hotz’er, 1970, p. 165ff; Aronson nnd Hewer, 

1976, p.739ff; Hotver et al., 1976, p.727ff; YeA crud S’uvin, 1977, p. 1322ff; Yeh, 1980, 

p.343; Ahn and P eacor, 1986, 166ff; 1989, p.543ff; Freed and Pencor, 1989b, p.173; 

Eherl, 1993, p.26ff’. Based on the CWRU6 data, several studies concentrated on the parallel 

paths of smectite illitization and organic matter (OM) mahiration, in order to calibrate the 

illitization degree (i.e. the content of illitic layers in illite-smectite (IS)) with burial 

temperature, and to obtain a geothermometer as tool for petroleum exploration [e.g., 

’ Burial diagencsis is used S~IIISZ~ Pwry and Hoover [I 970, p. 174ffj ot’ Fre,v [ 1970, p263ffl. Other 
authors describe the same clay mineral transformation as “low-grade metamorphism without the effects 
of penetrative defamation” [Zm, 1974, p.45 lff; FZo%~cr. et al., 1976, ~1.7331. 
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Crumicire et al., 1988, p.496; Pearson am! Small, 1988, p.128ff; E,‘slitzger n\ld Pevecrr, 

1988, p.8-lff; FreednndPencor, 1989b, p.172; Hillier and Clayton, 1989, p.lSSff; &tte 

and Reynolds, 1989, p. 135ff; Vclde arId Espitalid, 1989, p. 109; FItxmg et al., 1993, p. 170; 

Pollnstro, 1993, p.122fl-J. At the same time, the CWKUG data suggested the hypothesis, 

which has never univocally been confirmed, that OM directly accelerates the illitization 

of IS [Sz~r&1n et nl., 1989, p.7fli; Ebei*l, 1993, p.311. 

In order to characterize the influence ofthe OM on the illitization, several geochcmical 

and mineralogical investigations were performed on O&I-bearing sandstones and shales 

[e.g., Edman ntTd Swdnm, 1986, p.87ff; ejo~l~.l& rrrld Bwndsdal, 1986, p. 157ff]. 

Nevertheless, despite the discrete number of investigations on this subject, a survey of the 

results reported in the literature confirms that the debate about the influence of the OM on 

the transformation of smectite to illite remains controversial. Indeed, according to the 

literature, OM may directly and/or indirectly affect the structure, the chemical composition 

and the physico-chemical properties of smectites in two principal ways: (a) by irreversible 

change of the clay mineral features (e.g., the total negative charge), accelerating the 

illitization, or (1~) by “protection” and/or coating ofthe clay mineral particles from leaching 

agents, hence inhibiting the illitization process. According to a third postulate, OM may 

neither affect smectitic clays nor their illitization (see Section 5.1). Finally, the survey in 

the literature confirmed, that the majority of the investigations concentrated on elastic 

sediments, such as sandstones or shales. By contrast, pelagic carbonate-rich sediments 

have only rarely been investigated [e.g., Meshri, 1986, p.l23ff]. 

The first part of this study concerned the investigation of the evolution of the clay 

minerals assemblage in OM-rich pelagic carbonaceous sediments, and the syn- to post- 

depositional influence of OM on the illitization reaction of smectitic clay minerals. In 

order to study the influence of the OM on the clay mineralogy of pelagic settings, an 

adequate sedimentary sequence should satisfy following criteria: (1) a weak thermal 

overprint ofthe sediments: in order to exclude n pr?oG the complete illitization ofsmectitic 

clay minerals, (2) a good stratigraphic correlation potential in different sedimentary basins: 

in order to permit a comparative shady between sections of different depositional realms, 

and to identify the influence of regional factors affecting the mineralogical composition, 

(3) a discrete thickness: in order to follow the evolution of the tnineralogical composition 

by comparing horizons showing different OM contents, (4) a short deposition time: in 

order to exclude strong variations of primary supply of detrital components, (5) a high 
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average OM content, and (6) a lithological heterogeneity, i.e. fluctuating contents of 

carbonate, OM, and accessory minerals such as quartz, chlorite and feldspars. The OM- 

rich early Aptian “Livello Selli“ (LS), the sedimentary expression of the Oceanic Anoxic 

S&event I a (OASE la; see description in Section 3.3), sampled at three Tethyan sections 

(Gorgo a Cerbara, central Apennines; Cismon. Southern Alps; Roter Sattel, Swiss Prealps), 

was identified as the ideal object of investigation. The LS satisfies the above listed criteria. 

Additionally, its extension permitted in the last 10 years the accurate bio- and 

lithostratigraphic description and correlation of this OASE 1 a interval (Section 3 and 5). 

A second important aspect of this study concerned the investigation of the dominant 

paleoenvironmental processes resulting in the deposition of the LS. Indeed, it is likely that 

at low- to middle latitude, varying paleoenvironmental conditions during the late Early- 

and Middle Cretaceous warm climate [e.g., Bcwo~z and Whshington, 1982, p. 106; Ccrldeim 

and Rnmpino, 199 1, p.9871, resulting in the deposition of the OM-rich horizons of the LS, 

affected also the clay minerals assemblage. In this context, several studies of weak- 

metamorphic sediments revealed that the primary signatures of clay minerals (i.e. the 

detrital signature), attributed to characteristic paleoenvironmental factors (paleocirculation 

patterns, climate and tectonic activity) are preserved and contemporaneously can co-exist 

with a signature of diagenetic origin [e.g., Millot, 1970, p.322; Deconinck, 1957, p. 143ff; 

Deconinck et nl., 1985, p.315ff; Cll~7mley, 1989, p.2lff:, Decorzinck and Bernoulli, 1991, 

p. 12ff; Decouinck and C/KW&J~, 1995, p.3761. Moreover, some nondiagenetic clay minerals 

(e.g., detrital k ao ml 1’ ‘t e, chlorite, illite) or clay minerals ratios (e.g., detrital chlorite/illite, 

smectite/illite) are used as indicators of peculiar climatic conditions [e.g., Millot, 1970, 

p.164ff; C??n?nleJj, 1989, p.26ffl. Accordingly, the deciphering of the paleoenvironmental 

conditions leading to the deposition of the characteristic clay mineral assemblages, should 

contribute to distinguish and to estimate the significance of both detrital and diagenetic 

signatures. 

1.2 Scopes of the Study 

The principal aims of this study were: (a) to distinguish whether compositional variations 

of smectitic clay minerals are ofdiagenetic or primaryidetrital origin, (b) to test the relation 

between mineralogical composition of smectitic clay minerals and the presence of OM in 

low thcrrnal overprinted sedimentary rocks, (c) to identify whether variations in mineral 

composition are due only to the presence of OM or arc related to other sedimentary 

components such as the carbonate content or the detrital components (e.g., quartz and/or 
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other clay minerals), (d) to identify the paleoenvironmental features (mainly 

paleoceanography and climate) involved in the deposition of the observed clay mineralogical 

assemblages. 

This study is structured in five principal Sections dealing with three major subjects: the 

clay mineralogical evolution through the LS and its ad.jacent sediments (Sections 3 and 4), 

the sedimentological description and the paleoceanographical interpretation of the 

investigated sediments (3 and 5), and a methodical (2 and 7). The former two topics are 

linked in a synoptic Section (8). All numerical data which are not explicitly reported in the 

sections or explicitly indicated in the figures are reported in the Appendix (Section 10). 



2. MATERIALS AN NIETHODS 

2.1. Criteria of Sampling 

For clay mineralogical investigations, ~100 g ofrock were collected from each horizon of 

the “Live110 Selli” (LS), as well as from above and beneath it. The widest range of different 

sediment composition, such as the contents of organic carbon (TOC) and carbonate minerals, 

the noncarbonate mineralogy, and the color was considered. In this context, to record 

geochemical variations related to these parameters, also C&-free sediments mirroring 

di f&rent redox conditions during their late diagenesis (reddish: oxic; greenish: dysoxic- 

anoxic) were collected. Horizons showing a thickness up to 8- 10 cm were sampled through 

their entire thickness, whereas a representative interval was extracted from thicker beds. 

The main scope of this high time resolution sampling was to investigate the difference 

of clay minerals composition between Corg-rich/carbonate-poor, Corg-poor/carbonate-rich, 

Corg-poor/carbonate-poor sediments, as well as sediments enriched in both components. 

Finally, the overall high time resolution sampling (order of magnitude: ~15-20 k.y.) should 

facilitate the distinction between dctrital and diagenetic clay minerals. The high-resolution 

6°C stratigraphy should permit a subzonal correlation of the sampled horizons between 

the sections. 

2.2. Preparative Methods for Clay Mineralogical Studies 

“I...]... in clay mil~eralogy sanlrle Preparation is everything...[...]” (S. Savin)’ 

An accurate sample pretreatment was required to obtain clay mineral separates like samples 

enriched in illite-smectite mixed layered minerals (IS). Initially, the rock samples were 

brushed and washed with deionized water in order to remove all weathering incrnstations. 

After air drying, the samples were gently ground by means of a Ret.& jaw crusher to a 

grain size ~0.25 mm. Uniquely this size fraction, gained by dry-sieving (DIN 4188), was 

further treated and analyzed. Subsequently, the selected fraction was ground 4 min. with a 

Retsch pistil agate mill. A short and constant time of grinding was chosen in order to (a) 

avoid the physico-chemical degradation ofsmectitic and kaolinitic components [e.g., Miller 

’ (S.S win, CWRTJ Cleveland, “Brindley Lecturer” at the 33~1 Annual Meeting 01 the Clay Minerals 
Society, Gatlinhurp, TN, June 15th 19961 



and Moulton, 1970, p.321; Cicel and Kr~mz, 19Sl. p. 1551, and (b) to avoid the artificial 

increase of expandability of TS and the intraparticle swelling ofillite by intense mechanical 

disaggscgation of the particle [e.g., Cicel and Krnnzz 198 1, p. 159; Ncrderru et al., 1984c, 

p.766, Eber-1 et nl., 19S7, p.9281. Generally, during rock grinding using a jaw cnlsher or a 

mill, it is difficult to avoid a fragmentation of large-sized minerals such as quartz or feldspars. 

This explains why these minerals are often present also in the clay size fraction (<2 elm). 

Unfortunately, the gentle grinding r-ecommendcd for clay mineralogical investigations by 

the working group at the Centre de G&ochimie de la Surface (CNRS, Strasbourg, France) 

and consisting in submitting the rock sample to repeated freezing-heating cycles [e.g., 

Liewig et nl., 1987, p.14681 could not be adopted because it is too time consuming. 

Accordingly, using this method, more than five months are necessary to grind -100 g of 

poorly porous rocks such as micritic limestones or carbonaceous shales [N. Clauer, CNRS 

Strasbourg, pers. comm., 19951. 

The calcium carbonate was removed using two different organic acids: (1) the sodium 

acetate buffer (pH 5)l proposed by ,Jacksorz [1956, p.341 for the pretreatment of soils or 

sediments showing a low carbonate content (~2.5 wt%); (2) concentrated formic acid, 

recommended by the Laboratory for Clay Mineralogy (ETH Zurich) fi,r sediments with 

high carbonate contents (~25 wt%). The latter method consisted of the pH-monitored 

(using a PHM 8.5 Precision pH Metel; Radiometer Cope7lllqerz), dropwise addition of 

concentrated formic acid which was stopped when the sample-water-acid solution reached 

pH 5. At the end of the reaction the sample solution was heated up and boiled (98°C) for 1 

minute. At the end of both dccarbonation procedures, the carbonate-free sample was washed 

with double deionized water until no remnant traces of Ca ions were detected in the 

supernatant suspension by electric conductivity control (CDM83 Conductivity Meter; 

Radiometer CoPe77hng”z). Both decarbonation reactions were performed at rootn 

temperature and under vigorous stirring. 

The size fraction ~2 pm was gained by settling three times the decarbonated material in 

a double deionized water column in Attcrbcrg cylinders according to Stoke’s law. An 

average round shape and an average density of 2.65 g/c& (the density of quark) of the 

settling particles was assumed. The removal of the organic matter (ONI) was object of 

intense investigations (see Section 7). Indeed, since the traditional methods described in 

the literature did not allow satisfactory results, a new and more efficient method was 

’ All chemical compounds used in this study were piss. p.a. AC’S (Fl~kn or hfcrek) and all chemical 
solulions were prcparcd using double deionized water (Metr-oliitl dfli/li-Q2T’1). 



developed in the laboratory [il/leier a& Metzegytti, 1997, p.5581. This method consists of 

using sodium peroxodisulfate in combination with a neutral buffer (mostly sodium hydrogen 

carbonate) at pI-1 8.5. More than 98 wt% of the OM initially present in the sample were 

removed using a mass ratio sodium peroxodisulfateisal7lple of30 and a mass ratio sodium 

hydrogen carbonate/sodium peroxodisulfate of 1.13. The removal was perfomed at 98 “C 

under constant stirring. To avoid the presence of residual carbonate formed during the 

oxidation of OM, one further decarbonating step was required. One part of the size fraction 

<2 pm was decarbonated with 10 E-4 A4HCI (PI-I 4) monitoring the pH during the leaching, 

while the other part was decarbonated with the sodium acetate buffer (pH 5). This procedure 

followed the recommendations of Clnzrel* et crl. [ 1993, p. 11) who demonstrated that in clay 

mineralogy different analytical procedures require different decarbonation pretreatments. 

Iron oxides and hydroxides were removed reducing F&+ to Fe2-t with a buffered sodium 

dithionite solution (pH 7.3, buffered with sodium hydrogen carbonate) and complexing 

Fez+ by tneans of 0.3 i\/l sodium citrate [~W~hl*n cl& .Jc~ckson, 1960, p.3191. Amorphous 

silica and gibbsite were removed by boiling the clay size fraction for 5 min. in 5 wtO/o 

Na2C03 in a nickel crucible [.Jd-.son, 1956, p.731. Subsequently, the samples were shaked 

overnight with a turnover in lMNaC1 or 10 wt% CaCl2 and washed with double deionized 

water in order to render the IS monoionic. The treatment was repeated three times. 

Afterwards, the clay material was washed with double deionized water until the sample 

suspension reached stability. Finally, the latter was dialyzed for four days (changing water 

every four hours) using Spectra/Par@ molecular porous dialysis membrane tubes until in 

the immersion water no remnant ions were de&ted by electric conductivity control (~~0.8 

@). The grain size fractions ~2 pm (0.2-2 pm, 0.1-0.2 pm and ~0.1 llrn) were separated 

by ultra centrifugation (~0.2 pm: 12 min. at 5009 x g; and ~0.1 pm: 45 min. at 5750 x g) 

[Nntl~~wny, 1956, p.91. The centrifugation time was calculated basing on Stoke’s law and 

considering the axial ratio centrifuge rotor/sample holder. The centrifugation was 

thermostated (25 “C) in order to assure a constant density and viscosity of water. 

In order to optimize the physico-chemical separation of IS from the IS-illite mixture 

present in the size fraction ~0.2 pm! several tests were performed to compare the method 

of separation by ultra centrifugation in water used in this study, with the method proposed 

by Gilds [ 1967, p.83, in Hcrnsc~~ i& Lindgreen, 1989. p.1991. The method proposed by 

Gibbs did not allow any improvement of the separation of the two minerals mentioned. 

Prior to each preparative procedure, the samples were dispersed 4 minutes with ultrasonic 

treatment (at 20 ktlz) using a piston ultrasonic apparatus Schoc~lle~schaZlO TG400, or a 

Dr: Hieschler GmbH UP)OON ~ilt~~aschcrllpt~o~es~~~~. lJ1 trasonic treatment should allow a 
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better access of the leaching agents (during decarbonation or the oxidation of the OM) in 

the interaggregate and interparticle space of clay minerals. 

2.3. Analytical Methods 

2.3.1. Calcium Carbonate 

The calcium carbonate content was determined on the size fraction ~0.25 mm which was 

oven-dried for 14 horns at 110°C. Two analytical procedures were used: 

(1) The coulotnetric titration method [Engelmnn et nl., 1985, p. 1261, was adopted for 

shales or marly limestones. It consists of the titration of (CO2)g developed in 6 minutes 

from the reaction at 70 “C between the sample and 2 MHCl. The analyses were performed 

at the EAWAG (Dubendorf-Zurich) losing a Carbon Dioxide SOIL Coulometer- 

(Cozdometr+x kc.). Synthetic NazC03 (F’Z&) was used as standard material. The lower 

detection limit of the coulometer was of O.Olmg C (-0.08 mg CaCO;) and the standard 

deviation was lo = 50.2 mg C (calculated according to Lkx~ffd 1990, p. 8O)j . 

(2) The carbonate mini bomb technique based on the method of Hiilsemarlrz [1966, 

p.6231, was adopted for limestones, since the analysis of carbonate-poor samples using 

the mini bombs show a high error. It consists of the measurements of the (CO,)g pressure, 

directly converted in a CaC03 wt% on the manometer scale, produced from the reaction 

of the sample with Pnsson acid (volumetric ratio of cont. FTC1 : deionized water = 2: 1) at 

a constant room temperature. Synthetic CaC03 (I;lttkir) was used as standard and calibration 

material. The lower detection limit was 2 wt% CaCO3 and lo = rtl wt% CaCO;. This 

method is generally indicated because it is very fast, but it is recommended only for high 

CaC03 contents and/or a high sample mass (2700 mg). The measurements were performed 

at the Laboratory for Clay Mineralogy, ETFI-Ziirich. The comparison of the two methods 

revealed a relative error of rtl %. 

2.3.2. Total Organic Carbon 

Two methods were adopted to determine the total organic carbon content (TOC). 
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(1) The direct measurement of TOC on the decarbonated sample of the size fraction 

~0.25 mm. This method is recommended for sediments with a low TOC content. The 

samples were air-dried for 14 h at 1 lO”C, subsequently decarbonated with lo’% I-ICI 

and filtered through a Whntnmn@’ glass microfibre filter. The remaining carbon content 

was determined as total carbon on 2-S mg sample using an elemental analyzer [e.g., 

Cutter crrzd Rndj~7d-K7zoc7y, 1991, p.6 lftj. The measured TOC content (in wt%) was 

corrected for the whole rock mass after determination of the mass ratio whole rock/ 

decarbonated sample. The carbon content was measured as (CO2)g liberated from the 

sample combustion at 1050°C using a Carlo Er*hn CXS Nitmgerz AnnZ~vzer 1500. 

Vanadium pentoxide (VzOs) was used as combustion catalyst and sulfanilic acid 

(C&&N$5) as a control standard. The lower detectable value was 0.01 wt’% and 10 

I- +O.l wt%. Further analyses were performed using a Ci77~lo E7h iVC5’2500 CE 

Instruments elemental analyzer (lower detectable value is 0.01 wt% and 1 F= +O.l wt% 

absolute value) without using any combustion catalyst. The measurements were 

performed at the EAWAG (Dubendorf-Zurich) and at the Stable Isotope Laboratory 

(ETH-Zurich) respectively. 

(2) The difference method measuring the total carbon (TC) and total inorganic carbon 

content (TIC). This method is recommended for the analysis of sediments with high 

TOC or low TIC contents, since in the presence of low TOC or high TIC values it can 

produce relative errors up to 100 %. The total carbon amount was determined on -5O- 

80 mg of sample using a Deco c:S-244 Cnrbolz-Sulfilr.iltzn~~~=e?. (1 CT- SrO.03 Co/). The 

TIC was determined coulometrically (see section 2.3.1). The TOC was obtained by 

calculating the difference between TC and TIC. The measurements ofTC were performed 

by R. Brown, University of Newcastle-u-Tyne (UK). Repeated analyses of the same 

sample using both methods did not reveal significant discrepances. 

2.3.3. Bulk Organic Geochemistry 

Organic geochemical analyses of bulk OM were performed to estimate the thermal 

maturity and to determine the type of kerogen using programmed Hock-EvcrZ@ pyrolysis 

[,%pitnli~ et nl., 1985, p566ffl. The following parameters were determined: (a) SI, a 

measure ofvolatile organic compounds (in mgHC!g TOC); (b) S2, a measure oforganic 

compounds generated by cracking of the kerogen and (c) &IX, the thermal maturity 

parameter based on the temperature at which the maximum amount of pyrolyzate (5’2) 

is generated from the kerogen. 5’3, the measure of organic CO2 generated from kerogen 



up to 390 “C (mg COzig TOC) could not be measured. Therefore, only the Hydrogen 

index (HI) expressed in mg HC/g TOC and calculated as (S2/TOC)* 100 was determined. 

The organic geochemical parameters were measured on the decarbonated fraction (=I 00 

mg). During pyrolysis the following temperature program was adopted: rapid heating from 

100°C to 3OO”C, maintaining of the temperature at 300°C for 180 seconds, subsequent 

heating at 30”Cimin up to 550°C and maintainin g of this temperature for 600 seconds 

under an atmosphere of He. The international standard Blue Liar (S/ : 0.85 mg IIC/g 

sediment; S2: 42.29 mg HC/g sediment; Znm : 417 “C) was used to calibrate the parameters 

S2 and Tkx. Pyrolysis products were detected using a flame ionization detector (FID). 

For programmed Rock-E&a pyrolysis a Leco THA-200 Themol?/tic hydr.ocnrborl nnn@~ 

was used (1 cr= 20.32 mg HC). The measurements were performed by R. Brown, University 

of Newcastle-u-Tyne (UK). 

2.3.4. Qualitative NIineralogy 

X-ray diffraction analysis (XRD) was used for qualitative mineralogy of the grain size 

fractions ~0.25 mm (the “whole rock”), 0.2-2 pm, 0.1-0.2 pm and ~0.1 pm. The whole 

rock mineralogy was determined on randomly oriented powder samples, slightly packed 

in the shallow cavity of aluminum plates. Separated size fractions were analyzed on well 

oriented samples smeared on a glass slide. The aim of the orientation was to increase the 

intensity and to improve the quality of the (OOl)-reflections [Robenon et al., 1968, p.2431. 

Two methods were adopted to prepare well oriented smear samples: (I) the direct 

centrifugation of the material (~30-40 mg of the fraction 0.1-0.2 and 0.2-2 pm) on the 

glass slide, using special aluminum centrifugation tubes conceived for this study at the 

Laboratory for Clay Mineralogy, or (2) the smearing of the sample (for the fraction ~0.1 

pm) after the last centrifugation step or before its complete drying. In the latter case, the 

clay tnaterial was a paste (~50 wt% water content) whose smearing led to a high orientation 

of the clay particles. For all size fractions, the following measurement program was used: 

1.5-65 “20, 0.02 “20/step, 3 set/step. For the investigations of IS the size fractions 0.1.. 

0.2 pm ancl ~0.1 elm were used. To determine the amount and the ordering of smectite 

layers in IS, the samples were saturated with Ca-?+ [e.g., S?o~ilO??, 1980, p.4021 and measured 

before and after saturation (14 hours) with ethylene glycol vapour (60°C) [e.g., BrindIe~*‘, 

1966, p.238, St~odorl and Ebwl, 19S0, p.3 IS; rWoot*e cud Rqwolds; 1997, p.2241. The 

vapor saturation permitted to use twice the same oriented sample without to change its 



texture. The following measurement program was used: 1.5-50 “20, 0.02 “/step, 4 set/ 

step or 1.5-35 “20, 0.02 “/step, 8 set/step. In the context of IS analysis, it is noteworthy 

that in Zurich the relative atmospheric humidity fluctuates during the year between 30 and 

80 rel% and the yearly average value is estimated to 50 rel%. In order to minimize the 

error in peak calculation due to different sample levelin,, 0 the same sample aluminum 

support was used for each measurement. 

The presence ofkaolinite was tested by static heating of the well oriented fraction 0.2- 

2 pm, 2 hours at 490°C [L~~car crrzd J&l, 1961, p.281: above this temperature kaolinite 

becomes amorphous on X-rays and its diagnostic 7.1 A peak (the 001 reflection) disappears. 

A further diagnostic method for kaolinite, the Fourier transform infrared spectroscopy 

will be presented in Section 2.3.5. 

The characterization of the extent and the location of the negative charge in smectite 

layers of IS [O/is et c/Z., 1990, p.4C] 7 was estimated by combining different pretreatment 

procedures: (a) Li-exchange (3 times) with l&l LiCl and heating 24 h at 250°C and 

subsequent solvation 24 h with glycerol vapour at 110°C (“Greene-Kelly” test) [Greene- 

Kell’, 1952, p.222ff, 1955, p.551, (b) K’-echange (3 times) using 2lWKCl and subsequent 

solvation by ethylene glycol vapor (60 OC), and (c) expansion ofIS by octadecylalnrnoniull? 

ions [Xiihlicke crrzd Kollic?., 1981, p.3061 after Li’-exchange. 

The XKD analyses were performed using a PI~ilips X-ir.C1!)-~~pj~a~ntlrs/Gorliornetel- PW 

2 729/1?‘1820 using CuKa radiation, a secondary monochromator, an automatic divergence 

slit and receiving slit ofO.l mm. 40 kV and 30 mA were the generator tension and current 

respectively. The measurement error was CtO.02 A. The angular position of the entire X- 

ray diffractogram was corrected on the ( 10 1)-peak (3.343 A) of quartz for coarse fractions 

and on the (002)-peak (5.00 A) of illite for the finer, quartz-free, fractions using R. 

Petschick’s 1MncDz$“software (versions 3.3.1 and 4.0) [Petschick, 1996, 1998-j. Tetmdecanol 

(C14H290I-i) [B~-irzdle.l) nrld I/t’ntz, 1974, p.3 15; Rrindlq~, 19s 1, p.681 was used for the low- 

angle calibration ofthe goniometer and for the estimation ofthe asymmetry o-fthe reflections 

derived from the apparatus geometry (Fi g. 10. I). All XRT> analyses were performed at the 

Laboratory for Clay Mineralogy. 

2.3.5. Quantitative Mineralogy 

Quantitative clay mineralogy is an ongoing topic of debates and intense investigations 

[e.g., Ottnw et cd., 1997, p.46ff and many others; for a review see Brinkley, 1980, p.411 ff, 

and Kiister; 1997, p.24ff. The accurate quantification of single phases in clay minerals 



assemblages using one analytical method still represents a challenge. Indeed, only the 

combination of analytical methods such as X-ray powder diffraction, Fourier transform 

infrared spectroscopy, thermogravimetry, and electronic and optical microscopy, permits 

a satisfactory and accurate quantification of clay minerals [e.g., K&w, 1997, 24ff]. The 

aim of quantitative mineralogy in this study was not the determination of the exact amount 

of single minerals in each sediment horizons, but to estimate, as accurately as possible, the 

relative quantitative variations and their trends throughout the sections. For this reason, 

quantitative analytical methods were limited to infrared spectroscopy and XRD analysis. 

Fourier transform infrared spectroscopy (FTIR) was used to quantify chlorite (main 

absorption band: 3566 cm-l), quartz (798 cm-l), and the assemblage illite/IS (3620 cm-l) 

[e.g. Flehrniny md KUEC, 1973, p. 104; I;clr,Tlef., 1974, p.33 1 ff; Kt~~ll and Fmw~, 1994, 

p.181. FTIR was also used to detect the presence of kaolinite at 3695 cm-l (minimum 

detectable amount: 0.03 wt%) [H&nzir7g crud Kzwze, 1973, p. 1061. Artificial mixtures 

containing variable amounts of a kaolinite (~2 pm, “China Clay”, Cornwall, UK), quartz 

(<2 pm, Flulicr), an illite (<2 em, Le Puy-en-Velay, Massif Central, France) and a Mgz”- 

rich clinochlor (‘2 pm, Malenco Valley, Italy) were used as internal standard for calibration. 

The quantification was performed using the principle of IR-light transmission through 

transparent discs [e.g., Rrrssell crr~l Fm~cr, 1994, p. 161. ‘The discs were obtained by pressing 

for 10 min. at 125 bar a mixture of-2 mg sample and =I 198 mg KBr (Fhka for IR; particle 

size: 44-74 pm), previously air dried 14 h at 110 “C. Since quantitative data measured by 

FTIR are strongly affected by mineral size [e.g., Chester crud Gze77, 1968, p.2031, it was 

necessary to use the size fraction ~2 pm, i.e. the same particle size of the calibration 

standard. Since the noncarbonate fraction was not completely present in this size, it was 

necessary to additionally grind the fraction >2 pm. The effects ofgrinding time and different 

satnple/KBr ratio are shown in Table 2.1. 

A grinding time >12 min. [ Gzester rrncE G7zer7, 1968, p.2041 did not significantly change 

Sample Mass 

2 1ng * 

1 mg 

2 1ng 

1 lllf 

Grinding Time Quartz Chlorite Illiteil-S 
---..-.___ (minutes) wt”h .-....- -- _- W%L (w!!) -._ 

17 2S.7 10.0 61.3 

I2 34.5 8.7 56.8 

22 38.6 9.9 61.5 

2 33.0 11.0 55.0 

1.5 mr2 +0.5 1710 kaolinite L- .-..-.-a 12 zs.7 9.5 _-.- -I-. I.-- 61.5 __ 

Table 2.1. Effect of dilution and grinding on quantilication of quartz, chlorite and illiteilS on sanplc 
GC 48. The rclativc mineral amomts wcrc nor~mxl to 100 wt%. 
* All san~ples wcrc sieved through a 20 pn sieve (DIN 4 188). 
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the quantitative results (Table 2.1). In addition, in presence of high quartz contents may 

affect the analysis of the other minerals, the dilution of the sample with a known amount 

of a well detectable phase such as kaolinite, rather than the use of a lower sample mass, 

was preferred. In a further preliminary investigation, two procedures were compared in 

order to identify the ideal size fraction for quantitative analysis. For this purpose, the size 

fractions ~2 and >2 pm were analyzed separately, while the whole noncarbonate fraction 

was analyzed after grinding for 22 min. and sieving. The relative volume atnount of the 

two size fractions was determined by particle size analysis of the whole noncarbonate 

fraction. 

The quantitative analysis of the whole noncarbonate fraction and the analysis of two 

separate size fractions <2 and >2 CLm of known volume provided very similar results (Table 

2.2). Hence, the whole noncarbonate fraction was preferred because (a) only one analytical 

step was necessary, and (b) the separation of two six fractions increased the analytical 

Sample Size Fraction \‘ol’X, Quartz Chlorite IllitdIS 

wt% -.--l----. -.--l-^-. (whole fraction) -. -..--.-.- (wt%,) W”h) 

GC40 < ‘7 * pr11 43 15,s 3.3 24.0 

,2 pm 57 29.3 2.2 25.4 

c (calculated) 100 45.1 5.5 49.4 

whole fraction 1 00 45.7 9.x 44.5 --- _..ll.^-^_ - ._ --__I-. I_ 

GCSI7 C 2 %um 44 10.5 2.x 30.7 

> 2 pm 56 20.3 2 33.7 

C (calculated) 100 30.8 4.8 64.4 

whole fraction 100 28.4 - 67.1 -...-- _.. . -I .-.._...I. 4.5 ----~_ 

Table 2.2. Comparison of II< quantitative mineralogical analysis betxveen the size fractions ~2 pm and 
b2 pm and the whole non-carbonate fraction. The relative single mineral amounts were normed to 
100 wt%. 

error. Indeed, since the size separation by settling in Atterberg cylinders is at the same also 

a density fractionation, light and large particles, concentrated in the ~2 pm fraction and 

were detected by FRA particle size analysis as >2 pm. Moreover, a complete separation of 

the fractions <2 and >2 pm required repeated ultrasonic treatment to separate the particles 

~2 pm from aggregates formed during settling. 

The mineral adsorption spectra were measured with a Perkin Elnzet+ 2000 FT-liR 

spectrophotometer at the Laboratory for Clay Mineralogy. The quantification of the single 

mineral phases was calculated basing on Fleknzi~zg IUZC~KUEC [ 1974, p. 1091. The detection 

errors were 5~3 wt”/o for quartz, +3 wt% for chlorite, rt7.5 wt% for illite/IS and t-3 wt% for 



kaolinite. 

The quantitative X-ray analysis was used to estimate the contents of feldspar and IS. 

Indeed, by FTIR the separate quantification of illite and IS is only possible if the two 

mineral phases show highly different crystallinity [Flehmirg, 1973, p.3561. For this purpose, 

one three-component and two two-component artiticial mixture were prepared and analyzed 

by XRD (Table 2.3). The first mixture containing illite (Isa, fraction <20 pm; Hewer mrd 

Mow&t [ 1966, p.8341) quartz (FL&, fraction ~20 ltm) and microcline (Wcrrd 8, fraction 

~20 pm) was chosen for the quantification of fcldspars: this type of mixture better 

reproduced the texhu-al conditions present during the XRD analysis of the natural samples. 

In the second mixture, used to quantify well crystallized illite mixed with lS, the feldspar 

was replaced by two standard IS end-members: the montmorillonite SAz- 1 (98% smectite, 

fraction <20 pm) [RI/Z Olphen and Fripint, 1979, p.251 and the Rl-odered IS ISMt-1 

(40% S, fraction ~20 pm; Table 2.3.3) [K&Y&Y, 1996, p.4181. IJnfortunately, a Xo-ordered 

IS, present in all natural samples, was not available as standard material. The samples 

were air-dried for 14 h at 110 “C1 weighed at different mass ratios and mixed, dry, for 14 h 

using a turnover. The measurements were performed on poorly oriented samples (fine- 

ground decarbonated fraction), obtained by pressing -1 g material for 10 min. at 125 bar 

(G. Kahr, ETH-Zurich, pers. comm., 1997), using the same measurement program adopted 

for the natural samples (Section 2.3.4). The calibration curves for quantification are reported 

in Figure 10.2. The calibration curves were obtained by measuring the height of the peak 

of the poorly-oriented sample (in cm or counts/second) from the base-line calculated by 

McDqf3.3.1. 

2.3.6. Particle Size Analysis 

The particle size distribution of different separated fractions was measured using a laser 



light Leeds & Northrup Microtrnc FRA 9200 Fbll Range Particle Size Annlyzer at the 

Laboratory for Clay Mineralogy. The size range 700-0.7 pm was measured based on the 

diffraction of a laser light ray using the Full Range Analyzer (FRA) option. The size range 

0.7-O. 1 ctm was determined by an automated calculation of the Brown motion of particles 

using the option Ultrafine Pwticle Ancfljzer (UPA). Dispersion of the clay suspension 

was constantly maintained by ultrasonic treatment. Dispersion agents were not used. 

2.3.7. iVtercury Injection Porosimetry 

The porosimetry of6 selected samples from Gorgo a Cerbara and Cismon was determined 

by mercury injection [e.g., KU L~~B~~o~~:II, 198 1, p. 142ffl using a Cc&o Erbn Instruments 

Porosimetw 4000. The measurements were performed for 90 minutes, at a continuous 

pressure rate of 2 bar/min in the range of 0.02-4000 bar, corresponding to a pore radii 

range of =0.0018-6.5 pm. The samples, -1 cm3 large chips, were previously air-dried 14 h 

at 110 “C. The use of such large chips presents the disadvantage that a complete dehydration 

of the sample is strongly inhibited, but the advantage that the effect of sample surface 

roughness at low injection pressure is minimized [Lnrm171 and Movow, 1981, p. 1465; 

Borst, 1982, p.2961. After drying, the samples did not show any cracks or fissures due to 

dehydration, as subsequently confirmed by the absence, at low injection pressure, of any 

macropores. By means of mercury injection porosimetry additional pore parameters, such 

the maximum surface area and the maximum pore volume were determined. The 

measurements were performed at the Laboratory for Clay Mineralogy, ETH-Ztirich. 

2.3.8. Electron Microscopy 

Scanning electron microscopy (SEM) was used for the observation of the 3 dimensional 

morphology of clay particles, for the observations of clay minerals surface, and for the 

observation of the dissolution extent of carbonate nannoliths. The clay samples were put 

on a graphite conductant surface and sputtered with gold. Three kind of specimen were 

prepared for SEM observations: a) fresh, cut surface of the \vhole rock sample; b) sieved 

(20 pm sieve) powder; c) sprayed highly diluted and with ultrasounds treated suspension, 

afterwards air dried. A .Jeoi SSXf 6400 SEM was rlsed to obtain a secondary electrons 

image. The carbonate nanuoliths were observed on the rough surface of small chips of 

bulk sediment using a Hitachi S-2300 SEM. 

Transmission electron microscopical (TEM) investigations were uscf~d for the 



observation of the 2 dimensional shape of finest clay minerals particles and particularly of 

the mineral edges. Highly diluted solutions (“5 ml water or ethanol/l mg sample) were 

directly dropped on a graphite htid. For the observations of smallest ctystallites (fundamental 

particles) followin, 0 dilution was used (J. Srodon, Polish Academy of Sciences, Cracow, 

pers. comm., 1996): ml/mg = 0.09 * (o/o expandable layers) + 5 ml. A Philips CM30 Sl” 

was used for TEM observations. Electron Spectroscopic Imagin (ESI) was used for the 

semiquantitative visualization of C> N and V in IS separates, using a ZeissEM922~2. SEM, 

TEM, and ES1 observations were performed at the Institute of Material Sciences, the Institute 

of Solid Physics, and the Institute of Biology (all ETH-Zurich). 

2.3.9. K-Ar Age Analysis 

For K-Ar age analysis, after the oxidation of the OM, carbonate traces were removed by 

washing with water (four times) and using 1M HCl [Clrr~~ ef nl., 1993, p. IS]. 

Prior to the analysis one set of samples was Na-exchanged, three times 14 h with 2M 

NaCl. After exchange, the samples were washed until no flu-ther floculation of the clay 

suspension occurred, afterwards dialyzed 96 h in order to remove any remnant salt traces. 

A further set of samples was exchanged with the octadecylamtnonium ion (CIS) dissolved 

in ethanol [Ln,ua& nnd W&W, 1969, p.641. For this purpose, the use of octadecylatnine 

formate instead of octadecylamine hydrochloride 1:e.g.. La,q@ md J+kiss, 1969, p.64; 

Riihlicke nrid Kohler, 198 1, ~306; Sears et al., 199Sa, p. 1061 was preferred because the 

former is better soluble in ethanol. The exchange, during 14 11, was repeated twice. 

afterwards the samples were accurately washed 6 times with absolute ethanol. The 

intercalation of alkylammoniutn ions applied to K-Ar analysis has recently been presented 

as a potential supplementary tool to distinguish detrital from diagenetic illitic clays [,%a~*,~ 

et (71.. 1995a, p.106, 199Sb, p.3S.3; 1997, p.67; Chrrr~dhztr-i et nf., 1997, ~141. Although an 

univocal success of this new method has not yet been demonstrated, the advantage of 

alkylammonium ions intercalations is the more complete ion exchange in the expandable 

interlayer sites in opposition to the traditional Caz+- or Na’-exchange. Indeed, even after 

repeated exchanges using X4 CaClz or 2&INaCl, smectitic clays are not yet completely 

rendered monoionic (R. Haas, ETH-Zurich, pers. comm., 1995). In contrast, the strong 

increase ofthe interlayer spacing after octadecylammoniumll~~l cations pertnits a more complete 

cation exchange (S. Chaudhuri, University of Kansas, pers. comm., 1997). Hence, 

alkylammonium intercalations permit to remove weakly Axed, exchangeable K ions which 

do not belong to the crystal lattice and, therefore. improving the accuracy of IS-Ar dating. 
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To measure the K concentration, -50-60 mg of sample air-dried for 141~ at 110 “C were 

heated at 850 “C for 24 hours prior to digestion, to oxide residual OM. The digestion was 

performed in screwed ,Sn~illc~@ vials coutaiuing HF and HN03 during tive days. The 

dissolved samples were diluted with - TO,6 HN03 and their K concentration was measured 

by flame atomic adsorptiou spectroscopy (FAAS), with au accuracy of t-1 wt%. The Ar 

isotopic composition was measured ou -50 mg of sample, which were previously dried 

overnight at 1 10 “C, using the Ar extraction procedure of Norlllorlll~zc e/ al. [ 1975, p. 12ft-j 

and a AE1MS20 mass spectrometer. The isotope ratios are corrected for blank and tnass 

discrimination. Repeated analyses of the radiogenic - 4()Ar conteut of the GLO reference 

glauconite yielded a mean value of 24.93 +0.28 (xl 0-s) cc/g STP. The error of 40Ar content 

is quoted at the 2~ level. The K-Ar analyses were partially performed at the Laboratory 

for Geochronology (ETH-Zurich), partially by P. Stille at the Centrc de Geochimie de la 

Surface (CNRS, Strasbourg, France). 

Following Ar isotopes ratios were calculated after measurement: 

40Ar/38Ar (for total amount “OAr) 

36Ar/sgAr (total amount of 36Ar, all atmospheric) 

40Ar/36Ar (known, = 295.5 for amount of non-radiogenic 4uAr) 

(1) 
(4 
(3) 

4oAr* = radiogeuic Argon = (1) - (3) 

2.3.10. Nitrogen in Clay Minerals 

The amount of fixed nitrogen phases was tneasured in few IS samples following the method 

described iu Schroeder CI& I~~gnll 17994, p.694) and SC~WO&I~ crr~rl AilcLcrin [in press]. 

The samples were heated it1 silver capsules at 450 “C in order to avoid adsorbed or poorly 

fixed nitrogen according to Krortt ctrrd Bemer [ 1983. p.6621. The silver capsules were put 

in tin capsules and measured with a Cm*10 Erbn XC.5?500 CE Ik~trwtuents elemental 

analyzer (lower detectable value is 0.01 wtO/;,; see above). 

2.3.11. Elemental Analysis 

2.3.11.1. Flame Atomic Adsorption Spectroscopy (FAAS) 

The chemical composition of SiO?, Alz03, Fe;?03 (as Fe&), MuO, MgO, CaO, NazO and 



K20 was examined by Flame Atomic Adsorption Spectroscopy (FAAS) using a Perki~ 

Efnle~-/iAS 2200 at the Laboratory for Clay Mineralogy. The samples (100 mg) were 

digested in 1 ml 40% HF and 4 ml 65% HNOi in Teflon beakers in a iW,S 1200 G&H 

microwave oven using the following program: 59 minutes, max. power 500 W, PWI,Y = 20 

bar; T*C lnax = 270 “C. After digestion, the Teflon beakers were cooled in cold water for 2 

h in order to avoid gas and sample loss during opening. The solution was then diluted to 

100 ml with bidistilled water and stored in polyethylene flasks. Additionally, 1 ml CeCl- 

LaC13 buffer solution (10 gil Cs and 100 g/l La) was added. The calculated relative standard 

deviations were: SiO2 (minimum detectable: 4.5 mg;l) It: 3.4%; A1203 (2.1 mg/l) + 3.9%; 

Fe203 (0.14 mg/l) $: 2.5%; MnO (0.065 mg/l) i 9.5%; MgO (0.013 mg/l) + 5%; CaO (0.13 

mg/l) rt 7% NaZO (0.005 mgil) 4 4.5%: K20 (0.05 mg!l) ? 7%. 

2.3.11.2. X-Ray Fluorescence (XRF) 

X-Ray fluorescence analysis (XRF) was used for major element analysis of the whole 

rock and decarbonated samples. Powdered samples were combusted at 1050°C (the mass 

difference before and after combustion was used to calculate the loss of ignition, LOT) and 

mixed with lithium tetraborate (G&07) with a mass ratio of 1:s. The mixture was fused 

in gold platinum crucibles at 1150 “C to obtain transparent glass beads which were measured 

according to Nishet et nl. [1979, p.267ffl. The measurements were performed at EMPA, 

Dubendorf-Zurich, using an automated Philips PW 10410 sequential X-ray spectrometer. 

The data were calculated and corrected using the XRF-System V.86 [e.g., Reusser, 1987, 

p. 174ffl at the Institute of Mineralogy and Petrography (ETH-Zurich). Relative errors for 

major elements were: SiOz i0.4 %; A1203 +0.2 %; Fe103 +0.6 %; MnO +l %; MgO 51.5 

%; CaO *0.2 % Na20 +3 %; K20 Ifr5.5%. 

2.3.11.3. Electron Microprobe (WDS) 

The composition of the main elements of IS-enriched samples was determined by wave 

dispersive X-ray spectrometry (WDS) [e.g., Goldrtcin et i-rl.? 198 l? p.205ffl. The samples 

were air dried 14 h at I IO “C, gently ground, put in Plexiglns’~ holders (16 mm diameter) 

and embedded under vacuum with epoxy resin. The embedded sample was polished with 

dry diatnond paste and coated with carbon. Al, Mg, Na were measured with a TAP crystal 

(thallium acid phthalate), Ca, K, Si with a PET crystal (pentaerytriol) and Fe, Ti with a LiF 

crystal. The tension (15 kV), current (10 nA), beam size (10 pm) and time of spot on 



sample (40 sec.) were selected as recommended by Yeu*eZZ and Carpenter [ 1990, p. 1121 

for clay minerals analyses. The accurate inteqretation of microprobe analyses of clay 

minerals is strongly affected by grain size and orientation (Fig. 10.3). Indeed, the large 

beam (affecting a size range of ~2000 elementary cells) often causes the recoil of light 

elements (mostly K and Na) resulting in discrete increments of the analytical error. For 

this reason, preliminary chemical analyses were performed on standard clay material of 

known chemical composition, in order to calculate the standard deviation for each element 

analysis (Table 10.1). The WDS was performed using a Ccru~eca SXT-50 Electmz hficroprobe 

at the Institute of Mineralogy and Petrography (ETH-Zurich). 



3. GEOLOGICAL SETTING AND STIUTIGRAPHY 

3.1. Geological Setting 

All sedimentary sequences investigated in this study were deposited in the western Alpine 

Tethys realm. During the Early Cretaceous, the western and eastern passive continental 

margins of the Tethys ocean were characterized by a basin-platform topography [e.g., 

Bernoulli, 1982, p.5. IO; Bemo~di and JenkJws, 1974, p. 141 ff; Winterer and Bosellini, 

198 1, p.4001. The characteristic topography mirrored the subsidence history of the Tethyan 

passive continental margins started in the Liassic [e.g., W?ntel-er* nmt Bosellini, 198 1, p.3991. 

Correspondingly, mostly during the Jurassic a strong differentiation between platform and 

basin facies was typical [e.g., Bemoltlli md Je~~li~*?ls, 1974, p. 150; Alvarez, 1989. p.251. 

With the onset of the Maiolica Formation in the Tithonian and during the deposition of the 

Scaglia Variegata and its equivalents in the early Aptian, the discrepancy between basin 

and platform fxies became less marked. Nevertheless, the numerous resedimentation 

structures recorded in the Maiolica [e.g., WksseiT, 198 la, p.345ff; Coccioni et nl., 1989, 

p.567ff1, the lateral lithological variability and the thickness fluctuations in Late Jurassic 

and Early Cretaceous sediments [e.g., Wkissert, 1979, p.24ff:. Crests et al., 1989, p. 14ff; 

Cocci& et rrl., 1989, p.568; Bcmezio, 1993, p.81 arc evidences of persistent topographic 

gradients. 

Sediments deposited along the eastern margin of the Alpine Tethys are today outcropping 

along the Southern Alps of northern Italy and the northern Apennines of central Ttaly (Fig. 

3.1). Sediments from the western Tethyan margin are preserved, for instance, in the Penninic 

and Welvetic nappe pile of northern Switzerland. The sedimentary sequence of the CJorgo 

a Cerbara section was deposited in the Umbro-Marchean Basin (Fig 3.2) and the sediments 

of the Cismon section were deposited in a marginal basin of the Trento Plateau (the 

correlative of the Jurassic E3elluno Basin, Bnsellini et al., 198 1, p.85; Fig 3.3). Both basins 

were situated along the nearly isolated passive continental margin of the SE Tethys referred 

to as Adria [e.g., Bernoulli rmd .Jmhys, 1974, p. 148ff; Cllarlnell et al., 1979a, p.216, 

Crestn et al., 1989, p.91. The sedimentary sequence of the Roter Sattel section was deposited 

in a marginal basin, on the NE prolongation of the Brian~onnais Swell (known also as 

Sub-Brianqonnais; Fig. 3. I and Fig 3.3) [Statnyfli and iVl~t~Tl?~le~, 1990, p.167; Stcmpfli, 

1993, p. 16; StcmpjZi et nl., in press] at the NW continental margin of the Tethys [@tl?o~z- 

Dupnspier*, 1990, p.13; Boillot et ~1.~ 1994, p.17S: Borrl, 1995, p.297[]. 
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3.2. General Stratigraphy 

3.2:l. Maiolica formation / Calcaires Plaquett6s 

ln the Tethys Area, the Late Tithonian is characterized by the onset of pelagic limestone 

deposits. Those deposited in the SE continental mar@n ofthe Tcthys are principally referred 

to the “Maiolica” formation. In the Southern Alps of northern Italy different regional and 

local names xc used to differentiate the deposition area of this formation (“Maiolica 

Lombarda” in the L,ombardian Basin, e.g., H+i,cstv~f, 1979, p.27; “Biancone“ or “Maiolica 

Veneta” in the Trento Plateau, e.g., Citn, 1964, p.4ffl and part of the “Calcari di Soccher” 

or “Maiolica Veneta” in the Trento Plateau, e.g., Gncrccohi md Martinis, 1974, p.78; 

Weissert, 1979, p.32). In this study, the unique term Maiolica is used for both sections of 

the SE Tethyan margin. In the Swiss Prealps the corresponding pelagic litnestones are 

known as “Calcaires Playuett&“ Formation [e.g., Bolle~., 1963, p.23ff; Y?;thon-L)zl~clasclL1ier, 

1990, p.18; Hable, 1997, p.23fI-J 

The deposition of the Maiolica formation aud its northern equivalent replaced the pelagic 

sequence known as “Ammonitico Rosso” aud “Rosso ad Aptici“ in the Southern Alps, the 

“C&xi a Saccocoma e Aptici” and the “Bugarone” formation in the Umbra-Marchean 
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Figure 3.2. NW-SE cross section from the Abruzzi to Liguria in the Middle C’retaceons. ‘I’lle sedilllellts of‘ 
the sections Gorge a Cerbara and Apecchiese were dcpositcd in the I.imbrian-Marchean Basin (1). After 
Arthra- n17cl I’wrwli Silvn [ 1?82, p. I I]. 
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Basin, and the “Calcaires Noduleux” in the Swiss Prealps. The onset of the Maiolica was 

dated as Late Tithonian but is not synchronous in all studied locations (Fig. 3.4). The top 

ofthe Maiolica formation has been dated with precision in the Umbra-Marchean Basin as 

early Aptian [e.g., E&a, 1996, p.401, whereas the top of the Calcaires Plaquett& has been 

dated as late Barremian-early Aptian [FOIW, 1952, p.82ffl rvt3lorz-nrlpasc/uier-, 1990, p.381. 

The sediments of the Maiolica and Calcaires Plaquett&s formations consist of light to 

dark gray regular bedded calcareous nannofossil limestone. They are interbedded by cherty 

layers changing upward frotn red to green, to black colour [e.g., W&&e~t, 1979, p.99ff; 

Lini, 1994, p. 14ff;l and thin, marly, green to black horizons increasing upward in frequency 

and thickness (“black shales”) [ Wisser~, 1979, p.123; W’issw~ et al., 1979, p.149; ArGw 

and Prunoli Silvn, 1982, p. 16; Coccioni et al., 1992, p.520; Bemerio 1994, p.5731. The 

Calcaires Plaquett&s are generally richer in bioclasts, and calpionellids and planktonic 

foraminifera are common. Tn the Umbra-Marchean Basin, calcarenitic turbiditic intervals 

have been described [e.g., Ckstn et nl., 1989, p.23ff]. Despite their uniform appearance, 

the Maiolica limestones show vertical changes of facies related to changes in 

paleoenvironmental conditions and synsedimentaty tectonic events. The latter are recorded 

as sedimentary structures of redeposition [ Kissc~%, 198 1 a, p.345ff; Cocci017i et al., 1989, 

p.%S]. Lateral thickness changes are related to the mentioned basin-platform topography. 
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Figure 3.3. NW-SE cross section through the central umtern tethys during ~arremian-Aptian time (a-b 
transect in Fig. I). The sedimentary secpences ofthe Cisnion section ( 1) was deposited on theTrent0 Plateau. 
The sediments ofthe Rota Sattel section (2) vwc deposit& in a marginal basin at the northeast end of the 
Brianqonnais swell. Modified alter Kcmoulli [ 19S2, p.5. lO]. JPk+s.sert [1951a, p.3441 and JJ+‘ei.we~t et ~1. 
[1985, p.5344. 
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The thickness varies in the Southern Alps between 1 and 300 m [e.g., J?&.ssert, 1979, 

p.52], within the Umbro-Marchean Basin between 20-40 and 450 m [clvestn et nl., 1989, 

p.2.51 and in the Prealps domain between 20 m and 150 m [_F)l/tholz-nztyasc/2~~e~, 1990, 

p.2OfY-j. In this study, most of the investigation focus principally on the upper part of the 

Maiolica formation, i.e. its late Barremian-early Aptian segment. 

The Maiolica limestone is a biomicrite according to Folk [ 1962, p.711 or a mudstone 

according to L)~lnl~~t?z [1962, p. 1171. The matrix consists mainly of nannoconnids and 

coccoliths. The matrix is strongly bioturbated: the bioturbations are always visible on thin 

section, whereas macroscopically they can clearly be distinguished only towards the top 

of the Maiolica formation where they become dark grey to black. Thin (~100 pm), 

subparallel calcitic veins are common, as well as dark microstylolytes. Discrete darker 

laminae (“5 mm) with dense small bioturbations as well as microturbidites, showing a 

more siliceous matrix and fining upward graded bioclasts, are present in some horizons. 

The visible clasts (I - 10 vol%) are poorly size sorted and mainly biogenic: mostly radiolaria 

and rare planktonic foraminifera (Globigerins). The source of fLirther bioclasts cannot be 

recognized due to their small size or large fragmentation. For the same reason it is difficult 

to describe litboclasts. Only small-sized pyrite (‘1 ~01%) and dark flakes of organic matter 

are often present. The Maiolica limestone represents a typical pelagic, basinal, formation 

influenced by topographic gradients and submarine highs as documented by macro- and 

microstructures of resedimentation. 

3.2.2. Scaglia Varicgata / Scisti a Fucoidi / Intyamon 

The sedimentation of the pelagic calcareous nannofossils of the Maiolica or Calcaires 

PlaqucttCs formation was replaced in the early Aptian by the sedimentation of a more 

detritus-rich and carbonate-poor pelagic-hemipelagic sequence. In the southern Alps it is 

known as “Scaglia Variegata“ [e.g., ArGur- nllcl Prerwli Sihn, 1952, p.23ffl or, in the 

Lombardian Basin, as “Marne di Bruntino” formation [e.g., passer?, 1969, p.2ff; Bemezio, 

1992, p. 129ff; 1994, p.573fl-j. Its equivalent in the Umbra-Marchean Basin is known as 

“Scisti a Fucoidi” [Ar*thw nor/ Premoli Sihn, 1982, p.23; lhmngl~i et al., 1989, p.227fYj in 

the Umbro-Marchean area, the term “Scaglia Variegata” designates a hemipclagic formation 

of Middle to Late Eocene age [~C~str! et zzl.. 1989, p.X]. In the Swiss Prealps Area, the 

equivalent formation has recently been renamed as “Intyamon” Formation (Fig. 3.4) 

[P?,tholr-Dl~~a.~~lli~~., 1990, p.3 1 ff; Hable, 1997, p.49ff). The new designation replaces 

the term “Complexe Schisteux Int&nediaire“ adopted by k’ln~c [1959, p.759ff’l. 



The onset of the “Scaglia Variegata” formation and its equivalents is dated as early 

Aptian and is almost isochronous within all studied basins [e.g., I+bn, 1996, p.401. Only 

in the Swiss Prealps it is dated as Late Barremian-early Aptian [rt:tllorl-nly?n,scjl/~~~., 1990, 

p.38; Cn~on Ned Dupnsquie;r: 1989, p.52; Hcrble, 1997, p.501. While in the sediments of 

the SE Tethyan margin, the top of the formation is dated as late Albian, in the Swiss 

Prealps, the term lntyamon describes a sedimentary sequence reaching the middle Turonian. 

The time-equivalent to the Scaglia Variegata formation is represented by the “Comba 

d’Avau“ Member [I>ython-nzgra,cqrlie~; 1990, p.38]. 

The Scaglia Variegata formation shows less thickness variability than the Maiolica 

formation, confirming the decreased influence, since the beginning of the Cretaceous, of 

the basin-platform topography along the passive continental margins of the Tethys. The 

thickness of the formation reaches 150 m in the Southern Alps [e.g., Hersezio, 1994, p.5731, 

86 m in the Umbro-Marchean Apcnnines [e.g., Cresta et al., 1989, p.261 and 70-75 m in 

the Swiss Prealps Area (“Pr&alpes Medianes Plastiques”) [e.g., 13!ltl?oIz-DLlpC1s(IIziie?‘, 1990, 

p.311. The hemipelagic sequence of the “Scaglia Variegata ” is built up of alternating 

marlstones or marly limestones, containing mainly planktonic foraminifera and calcareous 

nannofossils, marly or siliceous limestones of green-grey, light-grey, red or black colour 

containing mainly radiolarians. The lower part of the formation is characterized by 

carbonate-poor l-5 cm thick black shales. Their frequency and thickness decrease towards 

the top of the formation. The green-grey marly limestones show strong bioturbation which, 

in the “Scisti a Fucoidi“, have been identified as of type Chotd?Ytcs, Plmolites, Teychicnus, 

and Zoophycos [Arthur* a& Prenzoli Silsn, 1952, p.2811. The base of the Scaglia Variegata 

formation is characterized by a 1 to 5 m thick Cars-rich interval known, in the SE Tethys, 

as “Live110 Selli”, the principal object of this study. 

The Scisti a Fucoidi /Scaglia Variegata formation is also a biomicritc or wackestone. 

Planktonic as well as benthonic foraminifera are more frequent. Differences of microfacies 

between horizons of different color (green, red or grcy) were not observed, Diffxise laminae 

enriched in radiolarian clasts are present throughout the formation. 

3.2.3 The “Livello Selli” 

The “Live110 Selli” (LS), named by Itizel [ 1985, p.283j in the ‘Cimbro-Marchean Basin, is 

defined as a radiolaritic, bituminous and ichtyolitic interval [Coccioni et al, 1987, p. 190, 

1989, p.5641 situated above the base of the “Scisti a Fucoidi” formation. 

The sediments of the LS consist of an alternation of bioturbatcd green-grey marlstones 
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or marly limestones with a carbonate content of -60 wt% and a TOC content of 0.2-l 

wt”/, and black laminated siliceous or marly limestones and marls with a carbonate content 

of O-40 wt% and a TOC content of I- 1 S wt%. The LS, as it has been described by Coccimi 

et al. [ 1987, p. 1 S5ff-j and Er.Drrclie~* [ 1994, p.211, the interval shows strong vertical 

lithological and floralvariations [Cocciorzi et al., 1992, p.528; Bmloweretnl., 1994, p.347ff; 

Er&, 1994, p.489ff; E~$achel-, 1994, p.401. Furthermore, within the investigated basins, 

the LS shows also a strong lateral variability. In the Umbro-Marchean Area, the lithological 

variability is indicated by the presence of yellowish lenses of radiolarian siltstone [e.g., 

Coccioni et nl., 1987, p. 190; No&, 1993, p. 1821 and in the Lombardian Basin by lenticular 

marly limestone horizons [e.g., Bersezio, 1992, p.132; 1994, p.5761. Furthermore, the 

presence, in the black horizons of the LS, of w&-preserved fish fossils was reported by 

Cocciorzi et nl. [ 1987, p. 189). Due to its deposition below the calcite compensation depth 

(CCD) [Thiemtein, 1979, p.266fe Arthur atzd Premoli Silva, 19X2, p.221, the LS in the 

Umbro-Marchean is carbonate-poor or depleted. In the southern Alps, the LS reaches a 

thickness of 5 m (e.g., at Cismon), although its mean thickness, in the Swiss Prealps, in the 

Umbro-Marchean Basin and in the Lombardian Basin is of l-2.5 111. Strong lateral thickness 

fluctuations within the different basins are commonly related to paleotopographic variations 

within the sedimentation basins [e.g., Coccioni et al., 1987, p. 186f-f Bemezio, 1994, p.572; 

Wissert, 1979, p.52). A transdisciplinary chronostratigraphic study permitted to date the 

onset of the LS, at Cismon and Gorgo a Ccrbara, at 120.6 M.a.. Furthermore, 

cyclostratigraphical studies in different sections of the southern Alps and Apennines 

permitted to estimate the duration of deposition of the LSE, at Cismon and Gorgo a Cerbara, 

between 500 k.y. and 1 M.y. [Hedwrt, 1992, p.26; Er%cr, 1996, p.411. 

The black, OM-rich sediments of the LS have been assigned to the Cretaceous “Oceanic 

Anoxic Subevent 1” OASE 1 a, [Schlanger md ,Ienhyxs, 1976, p. 179ff; Jen@ns, 19S0, 

p. 175; ArtJmr et &., 1990, p.79fYj. The global character of this event is mirrored by the 

contemporaneous deposition of this level in different early Aptian oceanographic and 

bathytnetric environments. Equivalent sediments have been described in sequences of the 

Tethyan realm such as the Vocontian Trough (“Nivcau Goguel”, BrkhCi’ret [ 1988, p.3501) 

or S Spain [e.g., Reicherter et LII., 1994, p.ilff], in the Lower Saxony Basin (“Fischschiefcr”, 

Keupp cirldM~lrtte7~lose 11994, p.741]), as well as from different DSDP Sites ofthe Atlantic, 

Indian and Pacific Oceans [see reviews in TtZsser~t, 1981b, p.S5Off; Waples, 1983, p.964ff; 

Steirl et nl., 1986, p.8ff). Nevertheless, despite the widespread record of early Aptian Corg- 

rich sediments, the global and anoxic character of OAE’s events represents an ongoing 

object of debate [e.g., W@lcs. 1983, p.965ff, hthw md Sugemnn, 1994, p.503ffn. 
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The more calcareous horizons of the LS are wackestones-packstones, whereas the 

carbonate-free black shales and the radiolarian-rich horizons are claystones and siltstones 

respectively. The black shales show 100 to 2000 pm thick wavy OM-rich dark brown 

laminae alternating with large subparallel siliceous clasts or lighter colored radiolarian- 

rich laminae with preserved shape (all -30-40 vol%). Very rare planktonic and benthonic 

foraminifera are present in the nonlaminated horizons at the basal part of the LS (at Gorgo 

a Cerbara the “green member”). Planktonic foraminifera are often silicified. The diagnosis 

of the lithoclasts is difficult at Gorgo a Cerbara because of their small size. At Cismon, 

larger clasts of quartz and pyrite, and at Roter Sattel phosphoritic grains (up to -1 vol%) 

and pyrite, are recognized on thin sections. At Gorgo a Cerbara, the radiolarian siltstones 

lenses consist of -50 ~01% well sorted radiolarian clasts and a poorly defined siliceous 

matrix. At Cismon the lenses are not present, although the L,S is more siliceous. Instead, at 

Cismon, radiolarian-rich laminae and lenticular aggregations are present almost throughout 

the LS (average: 30-40 ~01% radiolarians), as well as light-colored bioturbations fllled 

with smaller-sized bioclasts. 

STAGE 

L-..&--- ..-. - 
Cenomanian 

Albian I-- Aptian - 

I Barremian 
I 

I Hauterivian 

I Valanginian 
t-- 

/ 
Berrasian 

b--- 

/ Tithonian r 
T 

CaJcari DIASPRINI i Calcari di SOCCHER 

7- 

GORGO A CERBARA 

MAIOLICA MAIOLICA 

ROTER SATTEL 

CALCAIRES 
PLAQUETES --.~ 

ROTE PLATTE 

Figure 3.4. Schematic stratigraphic framework and nomenclature ofthe formations outcropped at the sections 
Gorge a Cerbara, Cismon and Koter Sattel deposited after the Late Tithonian. LS: “Live110 Selli“ and its 
equivalents. Reconstructed after C?mt~ et rrl, [19S9, p. 151, Coccimi et al. 11992, p.5201. Gnrrccolini ad 
Martinis [I 974, p.7S] and q1’tlloll-nlr~~~7s~lz~~e~. [ 1990, ~391. 



Section 4: Location and Description of the Sections 29 

CATION AND DESCRIPTION 
SECTIONS 

4.1. Gorge a Cerbara 

The section Gorge a Cerbara is located in the Umbro-Mar&an Apennines (Central Italy), 

3 Km E of Piobbico, between Km 41.800 and Km 41.900 of the main road “S.S. 257 

Figure 4.1. Location of the sections Gorgo a Cubara and ,JS Apecchiese“, as well as the site 
where the ,.Piobbico core“ has been drilled 1992 in the context of the Apticore-Albicore Project 
[Lamorz et al., 19931. The map coordinates from Gorgo a Gel-bara are: 43”36‘01” N/ O”O6‘08” W 
(,.Carta Geologica d’ltalia” 1: 50 000. ,,Cagli”). 

Apecchiese” (Fi g. 4.1). The section, outcropping along the Candigliano River (Fig. 4.2), 

represents a sequence ofEarly Jurassic to Late Oligocene sediments described by Coccimi 

et nl. [ 1987, p. 1 SSff, 1992, p.5 171. In this study only horizons from the upper “Maiolica” 

Formation (fkom m 30) [C occiorli et nl., 1992, ~520) and lower “Scisti a Fucoidi” Formation 

(upto44m)[C orcconi et nl., 1992, p.5201 were sampled and investigated (Fig. 4.3). Since I 

it represents one of the most complete and well preserved Early Cretaceous pelagic 

Figure 4.2. Panoramic 
view of the investigated 
segment of the Gorgo a 
Cerbara section along the 
Candigliano River. g.m: 
“green member”, b.m.: 
“black member”. 
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sequences of the Tethyan Realm, the section Gorgo a Cerbara has been object of intense 

stratigraphic study. Recently it has been recommended, by the Aptian Working Group, as 

the boundary stratotype section for the Bat-reInian-Aptian stage [Erhn, 1996, p.39ffl. The 

planktonic foramiuifcra stratigraphy has been provided by Coccio~i et ~21. [1992] the 

calcareous nannofossil stratigraphy by RI*~ZONW [ 1987, p.298ffl, Cocciorzi et al. [1992, 

p.5201 and ET2x1 [ 1994, p.489], and the radiolarian evolution has been investigated by 

Erbncher- [1994, p.ilOfYJ. Coccioui et nl. [1993, p.2011 also described the dinoflagellatcs 

biostratigraphy. Intense investigations were performed for chronostratigraphic dating of 

the base of the Aptian stage by magnetostratigraphy [Lon:r*ie nr?d ilZ~zz, 1984, p.3 18; 

C%cr~r~eil et nl., 1995, p. 1361 and to estimate the duration of the polarity Subchron MO and 

the “Live110 Selli” by cyclostratigraphy [Herbert, 1992, p.261. Carbon isotope stratigraphy 

has been investigated by Haclji (Late Valanginian-early Aptian, 1990) and Erbncher [ 1994, 

p.661 (early-late Aptian) and is refined at a higher resolution, for the early Aptian sequence 

including the LS, in this study. 

A further section was sampled next to Gorgo a Cerbara at km 32.800 of the main road 

S.S. 257 “Apecchiese” (Figures 4.1,4.4 and 4.6) (section “S.S. Apecchiese Km 32.800”, 

Coccioni et al. [ 1987, p.186; in prep.], No4 [1993, p.lSS]), next to the drilling site of a 

131.8 m deep core 3 Km W of Piobbico (“Piobbico Core”, Km 33 of the road S.S.257 

“Apecchiese”, APTICORE-ALBICORE Project) [Lcrrsor~ et al., 1993, p.36ffl. 

4.1.1. Maiolica 

The sampled segment of the Maiolica Formation corresponds to the upper part of the 

“Grey Member” (Tnterval I) designated by Coccioni et nl. [1989, p.5641, correlated with 

the base of the C. littermrizrs calcareous nannofossil zone [Coccioni et NL., 1992, p.5201. 

The upper part of the segment corresponds to Unit 19 of 7bmaglri et al. [ 1989, p.233ffJ. It 

consists of light grey to grey calcareous nannofossil limestones showing thinning upward 

beds of 1 to 30 cm. They are interbedded with ~1 cm to 20 cm thin calcareous marlstones, 

nodular chert, radiolarian calcarenites and claystones. The marlstones are greenish-grey at 

the base, become grey to black and more frequent towards the top of the formation. Strong 

dark-grey bioturbation is observed throughout the whole sampled segment (mostly 

Plnnolites. Chotldrites and Zoo~3l~~a~.~) [hthtw crrld Preuloli. Sihw, I 982, p.28; Crestn et 

al., 1989, p.1471. The carbonate content in the limestones varies between 85.5 and 97 

wt%. In the interbedded marlstones and black shales (Fig. 4.5) it varies widely between 

10.9 and 57.5 wt%. The TOC content shows an antiparallel fluctuation from ~0.01 wt% in 
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the limestones up to 5.14 wt% in black shales (Fig. 4.3 and Section 10 for numeric results). 

Figure 4.4. View of the 
section “S.S. Apecchicse”. 
The dark LS is delimited by 
a lower and an upper 
limestone horizon. 

Figure 4.5. Lower Aptian 
“black shales” horizons 
interbedded in the Maiolica 

I 
limestones of the Gorgo a 
Cerbara Section. 

4.1.2. The “Scisti a Fucoidi” Formation 

At Gorgo a Cerhara, Coccim~i et crl. [1989, p.564ffj subdivided the Scisti a Fucoidi 

Formation in 6 lithological units. The accurate description of the Piobbico Core permitted 

a more detailed subdivision of the Scisti a Fucoidi Formation. B/W [ 1988, p.2531 and 

Turn&i et nl. [ 1989, p.228ffl described 18 lithological units, distinguished after their 

colour (grey, black, green or red), Ccarb and Cork amount. The correlation between outcrop 

and core data was described by Erh [1958, ~2661. The “Scisti a Fucoidi” are characterized 

by a large number (154) [Cx,sf~ et trl, 1989, p. 15 1] of 2-4 cm thick black shales. The 

thicker intervals are known as “Livello Selli” the “Live110 113” and the “Live110 Urbino” 

[Coccimi et al, 1987, p. 184, 1989, p.564:]. In the “Scisti a Fucoidi” four types of black 

shales were described [Prmoli Sihw et nl.. 1989, p.2331. The sampled interval of the 

“Scisti a Fucoidi” Formation corresponds to the “Greenish-grey cherty Member”, including 
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the LS, and “Lower reddish marly Member” [Coccimzi et nl., 1989, p.5641 iucludiug the 

upper C. Zittcmrizw aud basal P n~g~stt/s zone. It corresponds to Unit 18 of Tormyhi et aI. 

[1989, p.2331. The segmeut preceding the LS cousists of bioturbated greenish-grey 

limestones. The carbonate content (Fi g. 4.3 and Section 10) varies between 80 and 85 

wt% and the TOC content between ~0.02 and 0.3 vvt%. The limestones are alternating 

with more siliceous aud marly horizons showing average carbonate aud TOC coutents of 

50-55 and 0.1-0.2 wt% respectively. The segment deposited after the IS consists of 

bioturbated and cyclic alternatiug [Huh% mm Fiscller, 1986, p.74Off; Herbwt, 1992, 

p.251, greenish-grey calcarcous marls aud marls, few ruarly limestones horizons and 

radiolarian calcarenites with carbonate and TOC coutents of 23.5-73.8 wt% of 0.05-0.15 

wt% respectively. At the top of the studied segment the colour of the sediments shifts from 

greenish to alternating greenish-reddish to reddish. 

4.1.3. The “Livello Selli” 

At Gorgo a Cerbara the LS is 1.95 m thick (Fi,. (7 4.7). It has been subdivided in a lower 

“green-” and upper “black member” [Coccio~~i et al., 19X9, p.565ffj. The green member 

consists of weakly bioturbated, I- 15 cm thick, green-grey marly limestones and tnarls 

alternated with 1-12 cm thick yellowish radiolarian siltstone lenses. The carbonate conteut 

varies between 30 and 65 wt% and the ‘TOC content betweeu 0.03 and 3.8 wt% (Figs. 4.3 

and 4.8; Section 10). The black member is siliceous and shams 0.5-7 cm-thick black shales 

with 0.5-3 mm-thick laruinae. It is carbonate-poor (~1 w&b) or totally depleted, whereas 

the TOC coutent varies between 0.03 and 15 wt%. Sulfur (up to 1 wt%) is concentrated 

only in the black member and its conteut is directly proportional to the OM couteut. 

Figure 4.7. ‘The “Livello 
Selli” at Cargo a Ccrbara. 
‘The LS is 1.95 tn thick 
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4.1.4. Organic Matter Characterization 

4.1.4.1. Organic Matter Maturity 

An accurate and absolute estimation of the thermal matxrity of the organic matter (OM) is 

difficult to perform. Several indices of OM thermal maturity, like the pristane/nC17 to 

phytane/nC 18 ratio or the 17a(H) hopane to 1 &x(H)-neohopane ratio, are difficult to 

interpret, since they are dependent upon the composition and the depositional environment 

of the OM [e.g., Petem a& ~olclo~nn, 1993, p.212ffJ. In this stxdy the parameter TMLY 

was used, although also this parameter has to be carehIlly interpreted. indeed, it has been 

shown that on sediments with low TOC content (~0,s \vt’?&), Ho& EIYII ‘pyrolysis is 

heavily affected by the high matrix/TOG ratio. Mostly clay minerals “protect” the 

pyrolyzable material during the pyrolysis reaction [Espit~rlit; et nl., 1986, p.S7Off, Peters, 

1986, p.3261. Hence, the EWY can result up to lo-100 “C higher than the average value 

measured in the section (Fig. 4.9). 

The organic geochemistry data of the LS reported in this chapter refer to the section 

Gorgo a Cerbara, as well as the section “S.S. 257 Apecchiese Km 32.800”. The latter was 

preferred for biomarkers investigation in the context of a research project developed at the 

NRG @Jewcastle-u-Tyne, UK), because the LS is less weathered. Nevertheless, a precise 

lithological correlation between the LS from the “Apecchiesc“ section and the Gorge a 

Cerbara section was possible (see also Coccioni et nl. [ 1987,p. 1861). In both sections, the 

OM from samples with a TOC content >0.5 wt% shows ‘iTi)las values between 420 and 

440°C (Fig. 4.9; Section 10). OM from sediments with a TOC content ~0.5 wt% shows 

-.--- I “/‘I I 
I 

0 S.S. “Apecchiese” ~ 

* Gorgo a Cerbara r - 
A Roter Sattel - 

- 

0 Cismon - 

Figure 4.9. TOC (wt%)- 
7inm (“C, plot of the OM of 
the different shldied sections. 
The TlliOX values 
cm-responding to TOC values 
4.5 wt% (left of the shaded 
line) are strongly affected by 
the presence of clay minerals 
[E.rpituld ct al., 1986, 
p.57OR Petem, 19X6, ~3261. 
The size of the symbols 
co~xesponds to 4 and 5x the 
standard deviation of’ the 
TOC and 7‘1urr.x values, 
respectively. 

TOC (wt%) 
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higher values (53S-560°C). According to Miles [19S9, p.3:], the Tnm data indicated 

immature OM. Based on OM maturity data reported from Albian sediments investigated 

in the Apennines, Pratt nllcf k’irzg [ 19S6, p.5 14ffl postulated that the burial diagenetic 

temperahIre of these sediments never exceeded 5O-60°C. 

4.1.4.2. Kerogen Characterisation 

Figure 4.10 shows the relation between hydrogen index l-11 (mg HCig TOC) and TOC 

(wt%). For the same type of OM, HI should be constant. However, in Fig. 4.10 one observes 

an increase of HI with increasing TOC amount in the sediment. This relation, reported 

also by Katz [1983, p.lc>Gffl, is due mostly to: 1) a mixture of different types of OM; 2) a 

rock matrix effect (due to the presence of clay minerals); 3) a mathematical artefact as 

illustrated in detail by Lmgfbrd crrd Blanc- Vc1lle7~177 [ 1990, p.8021. The latter authors 

recommend the use of the TOC-S2 plot to accurately characterize the type of OM and to 

define the correct value of HI by means of a linear regression curve. 

In the plot TOC-S2 one observes two distinct linear regression curves, one related to 

samples with a TOC content ~0.5 wt % and the other to samples with a TOC content >0..5 

wt% (Fig. 4.1 I). The two different slopes indicate: 1) an increase of the matrix-effect error 

Figure 4.10. TOC (wt%)-HI (mg 
tIC/g Corg) plot of bulk OM of 
the Gorge a Cerbara section. 
Theoretically, kerogen ofthc sang 
type should show the same HI. 
The proportionality between TOC 
and HI may be attributed to 
different types of kerogen or a 
strong clay matrix effect [Kufz, 
1983, p. 196ffl. Therefore, the 
TOC-HI plot does not provide the 
accurate characterization of the 
OM. The size of the symbols 
corresponds to 4 and 62 times the 
standard deviation ofthe TOC and 7 0123456789 10 11 1;. HI values, respectively. 

TOC (wt%) 

with decreasing TOC values; - ?) the presence of two different types of OM [Lnrz~@d cud 

BZa7~c-til/e7-o71, 1990, p.8031. The calculated HI values vary between 27 and 480 mg HC/ 

g TOC indicate that sediments with a high TOC content (>0.5 wt%) contain generally 

more marine OM than TOC-poor sediments (see also Fig. 4.12). In the Apecchiese section, 

a discrete amount ofterrestrial OM is indicated by: a) The negative slope of the regression 

curve and b) the very low S2 value related to high TOC amounts (>3 wt%). Optical 
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Figure 4.11. TOC (wt%)-S2 (mg HC/g TOC) plot of bulk OM of the Gorgo a 
Cerbara section recommended by Latrgfotd uttcl Blnnc- Pkllet.ott [ 1990, p.8031 
to accurately calculate the HI (= slope of the regression line x 100). HI in the 
range 300-600 q HC!g TOC typically indicates Type II kerogen. I-II in the 
range 50-200 and ~50 nig HC/g TOC indicate kcrogen Type III and IV, 
respectively. The maxitnnm matrix effect for TOC (>O.S) is 3 .Ol mg HC!g TOC 
and the minimum matrix effect 0.7 nlg HC/p sample. The size ofthe symbols is 
the same as in Fig. 10. The regression curves were separately calculated for 
samples with TOC < and ‘0.5 wt%. The slightly negative intercept of the 
regression curve related to TOC >0.5 wt(~~ ,0 confirms the matrix effect of the 
non-carbonaceous mineral fraction 
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[e.g., Tj,son, 1995, p.3731 characterizing the type of kerogen present in the 
studied sections. Type II kerogen: algal and bacterial OM dominated by liptinite 
macerals, typical in marine settings; Type III: higher plant OM dominated by 
vitrinite macerals; typical terrestrial OM. Type IV: Inert OM with I-II ~50 mg 

HCig Corg. contains OM recycled or intensively oxidized during deposition 
[e.g., I-‘ctet:r rrttc/:l~olclolt,rrtt. 1993, p.3071. Type I kerogen is not present. This 
plot represents uniquely samples with TOC >0.5 wt%. 
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palynological observations indicate that sediment with ‘TOC contents ~0.5 mainly contain 

amorphous OM (AOM) [R. B7mv7 et al., in prep.]. The data of the LS of the Apccchiese 

section confirmed the results reported by Pratt arid King [1986, p.SOc)ff] for the whole 

Scisti a Fucoidi Formation: and from E76nchw [ 1 994, p.621 for the LS. 

4.1.5. Mineralogy 

4.1.5.1. Qualitative Mineralogy of the Noncarbonate Fractiou 

The whole rock X-ray diffractrograms are dominated by the reflections of calcite and 

quartz (Fig. 4.13). For this reason the decarhonatcd size fraction 0.2-2 pm was arbitrarily 

considered as representative of the noncarbonate clay fraction. 

The mineral phases present in the sediments of the Maiolica and the Scisti a Fucoidi 

formations are quartz, illite, illite-smectite mixed layers (IS), chlorite, feldspars and pyrite 

(Fig. 4.14 a-d). The presence of pyrite is litnited to few OM-rich horizons of the “black 

member” of the LS. The different size fractions do not qualitatively differ, but show only 

a different distribution ofthc amount of the single phases. In thin section two tnain sources 

of quartz were observed (Fig. 10.4): biogenic, from the recrystallization of radiolarian 

skeletons, and detrital. The latter was found as the dominant type, whereas enrichment of 

biogenic quartz was found only in some “black shales” levels and in the radiolarian-rich 

silty horizons of the LS. Illite showed sharp (OOl)-reflections indicating a high crystallization 

degree. By studying the high-angle reflections on poorly oriented samples, it was identified 

as of type 1Md [A40072 a& JIL?JwoLCIS, 1997, p.2471. The presence of illite-smectite mixed 

layers minerals (IS) was detected as a broad high-angle-shoulder on the 14a-reflection 

(superimposed to the 001 - I 1 c 1 orI ‘t e peak) and a low-angle-shoulder on the (OOl)-peak of 

illite. All samples of the Ca-saturated fraction ~0.1 ~mi showed a (OOl)-reflection of the 

ethylene glycolimixed layers-complex between 5 and 6 “20, indicating a random ordering 

(“Reichweite“ z= 0) of layer stackin, (5. The detailed analysis of IS is presented in Section 5. 

Chlorite was characterized, considering the reflections (002), (003) and (004) [Moo7*e and 

Rqmlds, 1997, p.236ff-j, as a tri-trioctahedral Mg-rich chlorite. Its accurate characterization 

could not be performed in samples lacking the high-order reflections (004) and (005). In 

these samples, the low Fe content was confirmed by the FTIR absorption band at 3570 

cm-l. Two kinds of feldspar arc present: an albite-rich (3.19 A) and an orthoclase-rich 

phase (3.23 A). 

The presence of kaolinite in the LS of the Apennines was detected by means of XRD- 
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Figure 4.13. X-ray dit‘fractogratn of three representative samples of the Maiolica formation (a) and 
Scisti a Fucoidi (b) and the LS (c), All lithologies are dominated by carbonate and quartz. 

analyses by Cocciorti et ~71. [ 1987, p. 19 11. Since detrital kaolinite is recognized, among the 

clay minerals, as the most significant proxy of warm and humide climate [e.g., Chrrmlq~, 

1989, p. 1631, its identification may contribute to improve the understanding of the 

paleoenvironmental conditions occuring during the deposition of the IS. However, by 

XRD analysis, the accurate identif-ication of kaolinite in presence of discrete chlorite is 

difficult, since the diagnostic reflections of both phases (at 3.53-3.58 and particularly 7.1 

A) superimpose, depending upon the chemical composition of the chlorite [e.g., Brindlq 

and Brown, 1980, p.91; Moore and Rqwolds, 1997, p.234ffJ. A low-angle-shoulder on the 

(002)- and (004)-reflections of chlorite (Fig. 4.14 a-d) may indicate either the presence of 

kaolinite, or a peak-asymmetry due to the diffractometer adjustement (Fig. 10.1.). The X- 

ray diffractograms of the heated samples (2 hours at 490 “C) showed only a slight decrease 

of intensity of the 7.1 n-peak with respect to the CLKV~S of the untreated samples. This 

finding could not defjnitively prove the presence of kaolinite, since such a limited decrease 

of intensity could be attributed to low clystallinity of the chlorite phase [LUCZU zrt~l .Jehl, 

1961. P.24ffJ. Only by using FTIR, the absence of the sensitive absorption band at 3695 

cm-l!, related to the hydroxyl-groups of kaolinite, hence the absence of any detectable 

amounts of kaolinite in the LS (20.5 wt o/o; Flehmitlg md Kwze, 1973, p. 106) could be 
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Figure 4.14. X-ray dit’fmctogran~ ofdifferent size fractions ofthe same samples shown in 
Figure 4.13 after decarbonatiot~ and particle size fractionation C2 pm. Figure 14~1 represents 
a black shale horizon interbcdded in the Maiolicn limestones. chl: chlorite: IS: illite/mectitc 
mixed layers; ill: illitc; Q: quartz; NaFspr: Na-feldspar; KFspr: K-feldpar. 
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definitively confirmed. This finding contrasts with the data reported by Cocciov~i et al. 

[ 1987, p. 1911, but is in agreement with &L~\:cn*t ndKor?ttr [ 1968, p.51 who did not describe 

any occurence of significant Early Cretaceous kaolin deposits in Italy. The absence of 

kaolinite can neither be attributed to prototropy, i.e. dehydroxylation caused by prolonged 

grinding during sample preparation [Millel. nrzn Ozllfo/l, 1970, 13.3211, since repeatedly- 

ground and nonground samples of the fraction ~2 pm showed identical IR spectra. 

Finally, hydroxyapatite, detected by SEM-EDX by Coc~ioni ef crl. [1989, p.5801, was not 

detected in the fractions ~0.2-2 ,um. The rare clasts of hydroxyapatite described in the 

literature probably concentrated in the size fraction >2 pm because of their higher density 

(3.2 g/cm3), compared with the density of quartz (2.65 g/cmj), used for the calculation of 

the settling velocity of clay particles (Section 2. I). A comparison between oriented samples 

of different size fractions indicated a relative enrichment of illite and IS in the fractions 

0.1-0.2 and ~0.1 pm. However, in both fractions small amounts of minerals peculiar of the 

coarser fraction (quartz and chlorite) were still found. 

4.1.5.2. Quantitative Mineralogy of the Noncarbonate Fraction 

The noncarbonate fraction of the Maiolica formation shows a strong mineralogical 

fluctuation between the limestones and the black shales horizons (Fig. 4.15 a-b). The latter 

show a larger abundance, relative to the bulk composition, of “detrital” minerals such as 

illite, chlorite, quartz and both Na- and K-rich feldspars, and a minor abundance of IS. 

Considering uniquely the silicate fraction, the black shales arc enriched in illite, chlorite 

and the feldspars, whereas the amount of quartz is generally lower than in the limestones. 

At Gorgo a Cerbara the amount of IS and illite is almost proportional, respectively inverse 

proportional, to the carbonate content of the samples (Fi g. 4.16 a-b). These relationships 

are in agreement with the findings of&‘~~~I’~zck n& Berxodli [ 199 1, p. 1 l] and suggest 

that for the interpretation of variations of the clay minerals assemblage throughout the 

entire sedimentary sequences, the distinction between carbonate-rich and carbonate-poor 

lithologies is recommended (Fig. 4.15 c-d). The moderate variations of IS and the strong 

variations of illite are represented by the fluctuations of both ratios Willite and chlorite/ 

illite (Fig. 4.15 c-d). In the black shales of the Maiolica formation the ratios IYillite and 

chlorite/illite are constant and parallel to the absolute trend of quartz and chlorite. The IS/ 

illite ratio shows a slight increase towards the top of the formation. In contrast, the same 

ratios within the limestones show an irregular evolution with an overall trend to increasing 
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illite content towards the top of the formation. 

Although the mineralogy of the Scisti a Fucoidi does not qualitatively differ frotn the 

mineralogy of the Maiolica formation, the relative amount of single mineral phases changes. 

The Scisti a Fucoidi are enriched in illite, IS. chlorite and feldspars (Fig. 4.11 a-d). In the 

Scisti a Fucoidi, like in the black shales alternating with the Maiolica limestones, the 

increase of detritus is due mostly to the increase of illite and chlorite and of the chlorite! 

illite ratio. Related to the whole sample composition (Fig. 4.15a), the amount of quartz 

and IS also strongly increases, although related only to the noncarbonate fraction, their 

increase is limited. Observations on thin section cot&m a transition from a mainly biogenic, 

in the Maiolica, to a mainly detritic, in the Scisti a Fucoidi, origin of quartz. FIence the 

mineral assemblage of the Scisti a Fucoidi is qualitatively and quantitatively similar to the 

mineralogy described in the black shales of the Maiolica. 

Compared to the Scisti a Fucoidi, the LS generally shows a higher content of quartz, 

illite and feldspars, increasing upward from the “green-” to the top of the “black member”, 

whereas chlorite and IS are not preferentially enriched. Towards the top of the LS the IS/ 

illite and, particularly, the chloriteiillite ratios increase. The OM-poor and carbonate-rich 

horizons of the “green member” contain lower amounts of illitc and chlorite, and relative 

higher amounts ofIS. The interbedded OM- and carbonate-poor radiolarian siltstones show, 

beyond a large amount of biogenic quartz, more chlorite and illite and less IS (Fig, 4.15c- 

d). 

4.2. Cismon 

The Cismon section is located in the Venetian Alps (Northern Italy) ca. 15 Km E of Feltrc, 

in the valley of the Cismon River at km 15 of the road “S.S. SO de1 Monte Grappa” (Fig. 

4.17, Fig. 4.18). It is built up of sediments of the “Maiolica” Formation (Valanginian) and 

of sediments of the “Scaglia Variegata” Formation, the “Scaglia Bianca” and “Scaglia 

Rossa” (Campan) Formation. In this study the top ofthe Maiolica (up to -268 m) [Clmmell 

et nl., 1979b, p. 1621 and the Aptian interval of the Scaglia were sampled (Fig. 4.19). The 

Cismon section has been dated by means of planktonic foraminifera (I. Premoli Silva, 

unpublished data reported in E&J [ 1994, p.4921). and calcareous nannofossils [Br~alowe7~; 

1987, p.302; R~xlo~tW c>f nl., 1994, p.348; t:‘r.bil, 1994, p.4921 magnetostratigraphy 

[U1n727tclZ et NI., 1979b, p.1651 and carbon isotope stratigraphy [J%isse7~ et al., 1985, 

p.S38; I;t/eissert, 1989, p.22ff; Ifkissert mdLini, 1991, p.180, and O$$e, 1997, p.3711. 

Despite several studies on the Cismon section. a detailed lithological description of the 
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Figure 4.17. Location of the section Cismon 
and the drilling site of the Cisnzon Core. The 
location ofthe Cismon section is km 17 ofthe 
main road S.S. 50 “dcl Monte Grappa”, in the 
valley of the Cismon River (coordinates: 
46”Oi’ N. 1 l”4.i’ E: “Carta Geologica d’ltalia” 
1: 100 000: “Feltre”). Slighlty modified after 
Ehl md Larso~l [ 1998, p. 1821. 

entire section has not yet been published. Recently, a multidisciplinary investigation has 

been performed on the Albian-Cenomanian segment of the section [Bellmen et al., 1997, 

p.233fffl. 

The sections represents an almost complete Early Cretaceous sequence of pelagic 

sediments and the thickest LS described in the Tcthys Area, but becomes more and more 

covered by vegetation. In the context of an Italo-American project (Cismon Apticore- 

Project) a 13 1.8 m deep core was drilled in Autumn 1995. The core (Figs. 4.20 and 4.2 1) 

[!++a andLarson, 1998, p. 1841 was drilled at km 53 of the “S.S. SO dcl Monte Grappa” 

(Fig. 4.17; Coo: 11 45’46.85” E/ 46 02’ 43.46” 

N). Selected intervals of the core older and 

younger than the LS were sampled in 1996. It 

is noteworthy that the planktonic foraminifera 

stratigraphy on the Cismon-Apticore revealed 

the presence of large amounts of silicified L. 

cnbri specimen in the LS (I. Premoli Silva, 

University of Milan, pers. comtn., 1998). 

Hence, the ne\v base of the L. cabri zone 

coincides with the base of the LS. A similar 

“downward” shift of the base of the L. c&-i 

zone has recently been postulated by Ktrhnt et 

(II. [ 19993 in the Vocontian Trough. 

Figure 4.18. View of the part of the Cismon Section 
sampled in this study. 
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for clay mineralogical investigations. 
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4.2.1. Maiolica 

The sampled segment of the Maiolica includes the interval from the top of magnetochron 

MO up to the base of the Scaglia Variegata. The lithology is almost identical to the lithology 

described at Gorge a Cerbara. A difference is represented by the presence, in the Maiolica 

at Cismon, of a larger number of nodular chert horizons. The micritic limestones of the 

Maiolica formation are characterized by average carbonate contents of 85-90 wt% (Fig. 
4.19; Section IO). The thin, interbedded, marly limestones and shales have an average 

content of 55 wt%. The TOC content is very low (~0.02 wt%) in both lithologies. 

4.2.2. The “Scaglia Variegata” Formation 

The sampled segment of the Scaglia Variegata Formation (upper G. blowi and L. cnhri 

zones) consists of an alternation of massive greenish-grey to dark grey bioturbated marly 

limestones and siliceous limestones. The carbonate content fluctuates between 10 and 85 

wt% reflects the intercalation between marls, marly limestones and limestones. The TOC 

content varies between ~0.02 and 0.4 wt% (Fig. 4.19; Section 10). 

4.2.3. The “Selli Level Equivalent” 

The LS is located 1 m above the base of the Scaglia Variegata Formation. It is 5 m thick 

and shows a more homogeneous and massive feature than at CJorgo a Cerbara (Fig. 4.22). 

Indeed it can neither be macroscopically subdivided in lithological members, nor shows it 

any radiolarian siltstone horizons. Nevertheless, heterogeneity on a Milankovitch-scale 

[Herb~t, 1992, p.201 is indicated by the alternation of 3-20 cm thick bioturbated green- 

grey siliceous limestones and black laminated siliceous and marly limestones, as well as 

Figure 4.22. Contact between the lower part of the 
Scaglia Variegatn and the “Live110 Selli” at Cismon 



Sec’tiou 4: Locution and Deswi/,tiotr of the Sections 51 

s.iaJauJ 

auoz 
wagu!we~o, 

a6ws 
-- 

_- 

- .-.--.-. L... .- -.-.-...--.--...-.-.-.--...--- 

! J 9 e 3 ‘7 ;!MO/Cj ‘! 

NVlIdV 



52 Section 4. Location md Description of the Sections 

by fluctuating nannofossil assemblages [Rrnlo~~ et al., 1994, p.3471. At the base of the 

LS the carbonate content drops from more than SO wt% to less than 10 wt% (Fig. 4.23; 

Section lo), in an interval characterized by black shales horizons. In contrast, in the central 

and upper pat-t of the LS, the carbonate content is higher and almost constant, fluctuating 

between 40 and 60 wt%. The TOC content varies widely: from 5.5 wt% at the base (first 

black shale horizon) to lower values in the central interval (between 0.05 and 3.92 wt%) 

up to 7.7 wt% in the upper 1 m. The average sulfur content (0.4 wt%) is two times higher 

than in the Apennines and peak values (up to 2 wt%), concentrated in the upper part of the 

LS, are coincident with the highest OM contents. 

4.2.4. Organic Matter Characterization 

4.2.4.1. Organic Matter Maturity 

In sediments with a TOC content ~0.5 wt*/ /o, the 7innx values of the OM are nearly constant 

between 400 and 430°C (Fig. 4.9; Section 10). Several samples, related to the low TOC 

and the highest carbonate contents of the sediment, show 7;~r.x between 480 and 550°C. 

The 7j~z.x values in the Cismon section correspond to a Vitrinite Reflectance of -0.3 VRo% 

[Tissot nr?d PEZte, 1984, p.543ffl. The average EW.Y values of430”C in the OM-rich horizons 

indicate low thermal maturity of the OM. 

4.2.4.2. Kerogen Characterisation 

In the sediments of the Cismon section, the HI varies between <50 and 450 mg HC/g 

TOC. The high HI values (-430 mg E-ICY/g TOC) refer to the black shales of the LS and are 

prevalently related to OM ofmarine origin as confirmed by the high amount of fluorescent 

amorphous OM (AOM) [Hww~ et nl., in prep.; Hochzlli et al., 19991. By contrast, the 

average low HI values (-0 mg HC/g TOC) related to the TOC-poor horizons within and 

above the LS indicate OM ofprevalently terrestrial origin (Fig, 4.24) [Ltmgfod md Blnnc- 

tillemn, 1990, p.8031. These data are confirmed by optical palynological observations 

[BTOWZ et ~1. ? in prep.; Hochu/i ct ~1.) 19993. Finally, recent palynofacies on the Cismon- 

Apticore revealed an interval (-10 m) marked by the dominance of bisaccatc pollen of 

typical Boreal origin begimling immediately above the top of the LS [Hmhuli et al., 19991. 
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Figure 4.24. TOC (wt’!4,)-S:! jmg HC ,‘g TOC) plot of bulk OM of the Cismon 
section. Also in this plot, a slightly negative intercept of the regression curve 
related to TOC N.5 vi+)’ ,O mdicates :I mnsimum matrix effect of 2.97 mg WC/g 
‘L’OC. The size of the syn~boIs corresponds to 3 and 2 times the standard deviation 
of the TOC and S2 values, respectively. 

4.2.5. Mineralogy 

4.2.5.1. Qualitative Mineralogy of the Noncarbonate Fraction 

Also at Cismon the size fraction 0.2-2 pm qualitatively consists of the same mineral 

assemblage as described at Gorge a Cerbara (Fig. 4.25 a-c). Also the IS mixed layers 

shows in all samples a (00 1 )-reflection ofthe ethylene glycol/mixed layers-complex between 

5O and 6” 20 (16.5- 17.07 A) indicating RO orderin g. In comparison with the assemblage 

of the Gorge a Cerbara section, at Cismon only one type of feldspar, albite-rich (3.19 and 

4.04 A), was found. Throughout the section qualitative variations were not observed: all 

analyzed samples show the same mineral assemblage. Only the presence of pyrite is limited 

to some black shale horizons below and in the Selli Level. Biogenic quartz was detected 

mostly in the lower part ofthe LS, whereas detrital quartz is present throughout the section 

and concentrated in the upper parts of the LS and in the Scaglia Variegata Formation (Fig, 

10.5). 

A comparison between oriented samples of different size fractions confirmed the 

presence in the fraction 0.1-0.2 pm of the same mineral phases as in the coarser fraction, 

except pyrite. Feldspar was not always present. The finest size fraction ~0.1 ctm was 

exclusively composed of illite and IS, although in few cases quartz or chlorite were still 
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Figure 4.25 a-c. X-ray dit‘fractogram ofthree representative 
samples of the formations Mniolica and Scaglia Variegatn 
and the LS, after decarbonatinp and particle size fractionation 
4 l.lIll. 
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present. 

4.2.5.2. Quantitative Mineralogy 

Although only one black shale horizon of the Maiolica formation was analyzed, a sitnilar 

quantitative difference between limestones and the black shale as described in the Gorge 

a Ccrbara section was observed (Fig. 4.26 a-d). Indeed, the black shale is particularly 

enriched in illite and IS with a low IS/ illite ratio, and has amounts of chlorite and feldspars 

similar to the content of the limestone horizons. Furthermore, the quartz content is low, 

while in the limestones it is almost constantly high and drops at the top of the Maiolica 

formation. 

Also at Cismon the amount of illite is inversely proportional, although with a lower 

reliability factor I*, to the carbonate content of the samples (Fig. 4.1 C,c), whereas a direct 

proportionality between carbonate content and TS content was not calculated (Fig. 4.1 Gd). 

The Scaglia Variegata formation shows an overall increase of the chlorite and illite contents, 

resulting in an increase of the chlorite/illite ratio, as well as a decrease of IS, the Willite 

ratio and quartz (Fig. 4.26 a-d). The amount of feldspar remains unchanged. 

The LS shows a similar pattern as described at Gorgo a Cerbara: although a distinction of 

two differently colored members is not possible, the base of the LS is characterized by a 

drop of the quartz content and both ratios ISiillite and chlorite/illite (like the “green member” 

of the Apennines). The decrease of these parameters is followed by an increase, towards 

the top of the LS (the “black member”) and showing its maximum above the LS (Fig. 

4.27a-b). 

4.3. Rater Sattel 

The Rotcr Sattel section is located in the Swiss Prkalpes M&lianes Plastiques Romandes, 

Canton Fribourg, =3 Km south of .Jaun (Fig. 4.28). The section consists of a sequence of 

hemipelagic sediments of the “Calcaires plaquet&,“- (Barremian), the “Intyamon” and the 

“Rote Platte” (Late Turonian) Formation (Fig. 4.29). Since the end of the 80’s, the Roter 

Sattel section has become ob.ject of very detailed multidisciplinary investigations at the 

Universiti: de Fribourg, because it represents, with the Ch$llihorn section [C:cr~o~ arzd 

Dupcqzrier, 1989, p.521 one of most complete Early Cretaccous sequences of the Swiss 

Prealps. Until today, the section was described in detail by P~gc [ 1969, p. 115ffj andPython- 

Dtpw~rricr [ 1990, p.4 1 ffJ, and is dated only by planktonic foraminifera stratigraphy 

[P~tlioii-~~ii~~nstlii~i., 1990, p.42: Cm*on et ai., in prep.:]. 
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Figure 4.28. Location of the Roter Sattel 
section. The map coordinates of the Roter 
Sattcl section are: 5S5’SS-159’44/585’9S- 
159’30 (extract from “Topographic Map of 
Sxvitzerland” 1: 25’000, Foil 1226: 
“Boltigen“ with the permission of the Swiss 
Topographic Institute, Wabern). 

Figure 4.29. View of the Harremian (on the right of 
the LS) -Aptian segment of the Koter Sattel section. 

4.3.1. Calcaires Plaquettks 

At Roter Sattel, the Calcaires Plaquettks Formation is poorly outcropping. For this reason 
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only the upper 2 m, i.e. the upper part of the H. sigdi zone, were sampled. The Calcaires 

Plaquett& show a regular, 10-20 cm thick, bedding of grey limestones with an average 

carbonate content of SO-85 wt’?? and a ‘I0C content of 0.02-0.5 wt% and showing dark 

cherty nodules (see Fig. 4.30; Section 10). They are interlayered by grey marly limestones 

with an average carbonate and TOC content of 65 wt% and 0.1-0.5 respectively. 

4.3.2. The “Formation de 1’ Intyamon” 

The sampled segment ofthe Intyamou Formation corresponds to ‘IJnit I (1-44 m) of Pythoc 

Dtlpnsquier [ 1990, p.421, one of the two units forming the “Comba d’hau” Member, i.e. 

the Aptian interval of the Formation. Unit I, above the IS, consists of 8-15 cm thick, 

bioturbated grey marly limestones alternating with marly-siliceous limestones and, at the 

top of the unit, with limestones of greenish-grey or red colour. The carbonate and TOC 

content fluctuate between 40-80 wt% and 0.5-l wt% respectively (Fig. 4.30; Section 10). 

4.3.3. The “Selli Level Equivalent” 

At Roter Sattel the LS is 3.5 m thick and its onset is located 1 m above the base of the 

Intyamon Formation and corresponds to the bottom of IJnit 1 of~~t2jorz-DL4ppnsqtliel. [1990, 

p.411. Because a strong cleavage discordant to the bedding affects the more marly lithologies 

of the section, the accurate distinction of single horizons is difficult and a submembering 

of the LS is possible only based on colour contrasts and the interlayering of massive 

carbonaceous horizons (Fig. 4.31). The LS consists of 1-8 cm thick bedded dark-grey 

bioturbated marly limestones and marls alternated with laminated siliceous or marly, brown 

to black limestones. The top of the LS is characterized by thin wavy siliceous limestones 

layers. The latter show micritic texture and are enriched in radiolaria. 

Figure 4.31. The LS at Rota- Sattel. 
The intense cleavage discordant to 
the bedding on this pt of the section 
rendered difficult to accurately 
distinguish the single horizons, as 
well as to distinguish a “green 
member“ and a “black member”. 
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The carbonate distribution is similar to the distribution at Cismon, showing low values 

between 6.4 and 38.6 wt% at the base and values fluctuating between 40 and 6S wt% in 

the middle and upper interval Fig. 4.3 1. The TOC content fluctuates showing peak values 

at the base and the central segment up to 5.3 wt% and values CO.5 wt% in the upper 

segment. The sulfLu content shows a parallel evolution through the LS and is generally the 

lowest content measured in the studied sections. Abundant re-crystallized calcite veins 

discordant to the bedding characterize the entire LS. 

4.3.4. Organic Matter Characterization 

4.3.4.1. Organic Matter Maturity 

The Tnzm values of the OM from the Roter Sattel section are mainly situated between 435 

and 445°C. The values are concentrated mainly between 440 and 445°C and are 10°C 

higher than the values measured in the sections Cismon and Apecchiese (xx Fig. 4.9; 

Section 10). Like in both mentioned sections, the highest Ti~ns values correspond to low 

TOC and/or high carbonate content. Accordin, 0 to Itriles [ 1986, p.31, the OM at Roter 

Sattel is thermally more mature than at Gorgo a Cerbara/Apecchiesc and Cismon. The 

Trncrx values in the Roter Sattei section correspond to a Vitrinitc Reflectance of -0.7-0.8 

VRo% [Tissot rrrzd Welte, 1984, p.543ff’l. The higher T,WZ.Y values, the poor biomarkers 

preservation [K. RYOMX, pers. comm.] and the high average vitrinite reflectance confirm 

the OM from Roter Sattel as the most mature. 

4.3.4.2. Kerogen Characterisation 

The plot TOC-S2 (Fig. 4.33) shows a relative flat regression curve for samples with a 

TOC content >0.5 wt% indicating an average HI of 213 mg HC/g TOC. The regression 

curve calculated for samples with a TOC content ~0.5 wt”% is similar to the curves described 

in the other two sections. Hence, the OM ofthe Roter SatteL section is mainly ofterrestrial 

origin [I,nncSlfo,d afzd Blcmc- ~~irlltwvt, 1990, p.8031. Therefore, the data confirm that at 

Roter Sattel the terrestrial fraction of the OM is the most relevant. Only few TOC-rich 
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Figure 4.33. TOC (wt%)-S2 (mg HC!g TOC) plot ofbulk OM of the Rater Sattel 
section. Also in this plot, n slightly negative intercept of the regression curve 
related to TOC values >0.5 wt% indicates a maximum matrix effect of 1 mg HCI 
g TOC and a minimum matrix effect of 0.5 mg tIC/g sample mass. The size of the 
symbols corresponds to 3 and 1 time the standard deviation of the TOC and S2 
values, respectively. 

horizons reveal a mixed marine-terrestrial origin of the OM. 

4.3.5. Mineralogy 

4.3.5.1. Qualitative Mineralogy of the Noncarbonate Fraction 

In the fraction 0.2-2 pm ofthe Roter Sattel section, like in the previously described sections, 

the mineral assemblage is composed by biogenic and detrital quartz (Fig. 1 O.C;), Mg-chlorite, 

a /MI-illite [see also Jcrboed~~~nm? Thelin, 1996, p.5841, an albite-rich feldspar, and two 

types of IS (Fig. 4.34 a-c). In the glycolated fraction ~0.1 l.mr the (OOl)-reflection of the IS 

at -12 A and the presence of low-angle superlattice reflections (25 8; Fig. XRD) are 

diagnostic of mixed-layers of IS or IsUordering [e.g., S7mh, 1980, p.4031. Furthermore, 

Ro-ordered IS showing a (OOl)-reflection of the glycolated sample at =17 A was found in 

some horizons. FTIR analyses confirmed the absence of kaolinite. 

The same minerals assemblage was found throughout the section, with exception of the 

RO-ordered IS, pyrite and up to 1 vol% phosphoritic grains (observed in thin section). The 

two latter phases are present only in the LS. Large amounts of quartz and chlorite are still 

present in the fraction 0.1-0.2 11-m, together with illite and both IS phases. The finest fraction 

(~0.1 inn) contains only illite and IS, rarely additional quartz and chlorite. 
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E’igure 4.34 a-c. S-ray diffrnctogram of three representative 
samples ofthe Calcaires Plaquett& and the Intyamon k-onnations 
and the LS, after decarbonation and particle size fractionation. 
Abbreviations are esplnined on caption of Figure 1.13. 
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4.352. Quantitative Mineralogy 

The limited sampling of the Calcaires Plaquettks formation did not permit a detailed 

description of the evolution of the clay mineral composition within this formation. 

Compared with the mineral composition of the Intyamon formation, the two analyzed 

samples of the Calcaires Plaquett& limestones show a similar mineralogical cotnposition 

of the noncarbonate fraction (Fig. 4.35). Furthermore, a direct proportionality between the 

IS content (and the Willite ratio) and the carbonate content of the samples was not found 

(Fig. 4.14e-f). Like in the other two studied sections, the top of the Calcaires PlaquettCs 

and the onset of the Myamon formation are characterized by the decrease of both ratios 

ISiillite and chloriteiillite and a sporadic decrease ofthe quartz content. Both ratios increase 

prior to the onset of the LS. 

The base of the LS is characterized by a drop of the quartz content and both rarios IS/ 

illite and chloriteiillite similar to the “green member“ in the Apennines (Fig. 4.36). 

Generally, within the LS, OM-rich sediments show a lower content of quartz and feldpar 

and a lower Willite ratio. The top of the LS (“black member“) and the first portion ofthe 

Intyamon formation above the LS are characterized, like in the other sections, by an increase 

of the quartz content and the ratios IYillite and chloriteiillite reaching their maximum in 

the central part of the L. cxbri zone. A further similarity is the decrease of the ISiillite ratio 

and the higher chloriteiilite ratio if compared. with the Calcaires Plaquettks limestones 

and the onset of the LS in the upper part of the Intyamon formation. 
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Figure 4.35-d. Mineralogical composition of selected horizons rcfurcd to the noncarbonate silicate 
fraction (a) and to the bulk rock composition (h), as well as the ratios IS/ illite (c) and chlorite/ illite (d). 
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Sectiot1 5: Cluy Mineralogicd El~olution and Expcrndahility of illite-smectite 
---- ..-.. 

S. CLAY MINERALOGICAL EVOLUTION AN 
EXPANDABILITY BEHAVIOU 

SMECTITE IN THE LIVEL 

5.1. Introduction 

Based on the interpretation of the CWRU6 data, the major reaction step of the illitization 

of smectite was described by tjolt~” et nl. [1976, p.7331 as a solid-state reaction: 

stnectite +- Al j+ + 1(‘- -3 illite + Si & 

This simplified relation implies that the trigger of any illitization process is an increase of 

the average negative, prevalently tetrahedral-located, smectitic layer charge. During the 

solid-state phase of illitization, this negative charge is equalized by the irreversible 

absorption of cations of equal charge-sum and a radius coherent with the radius of the 

vacant lattice site. IIence, during the illitization reaction the preferentially fixed cations 

are K’ and/or -NH”‘. 

As mentioned in the Introduction (Section 1. I), the role of OM on the illitization of 

smectite is still an object of debate. Some authors postulated an acceleration of’the illitization 

process in presence of OM. Mainly four mechanisms are believed as responsible: (1) the 

change ofpH conditions of pore fluids, (2) the change ofredox conditions at the clay/pore 

fluid interface, (3) the complcxation of ions from the mineral lattice, and (4) the adsorption 

of cations directly released from the OM. (1) The decrease ofpH around the clay particles 

can be caused by the release of protons H’ from organic acids (mostly nonhutnic acids, 

with -COOH-groups, such as acetic-, formic- or oxalic acid): at pH S-7 clay minerals 

behave as buffer, since they bind protons at their edges which get positive-charged; at pH 

‘5, metal-oxygen bonds are broken: Al-” and exchangeable cations which are bound at 

the negative octahedral charge are released [e.g., Schcwtmnrm md Niedel-hdde, 1993, 

p.248; Ton~hacz et al., 1995, p. 16 I]. Additionally. silanol-groups are formed at the external 

surface ofthe clay minerals, (e.g., Ii;SiOH: Si(OH)5). In geologic systems, transformations 

of clay minerals due to the activity of organic acids were inferred in Quaternaly sapropels 

from the Mediterranean Area [Sigh et al., 1978, p.4591 and in Miocene and Carboniferous 

underclays (i.e. claystones which are in contact with carboniferous horizons) [Astnpovrz 

nndAnoshko, 1995, p.3 16; Rimntcr nrldEhel*I, 1982, p.4281. An indirect PI-I-control in the 

sediment pore water can be exerted by the oxidation of the OM, which releases CO;! and 

13’ (from NH4’). The leaching by organic acids affects also other minerals such as 
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carbonates [Jahnke et nl., 1994; DeMko nrld Gzrndsta~~~ 19951 and silicates [Revnn and 

Smqe’, 1989, p.4 18 SLI&UI et nl., 1989, p.7fX H~rnsley, 1987, p.6781 which become 

potential sources of cations. Adsorption of K’ released by leaching of K-feldspars [e.g., 

Kro77ge7~ rrtzd Ktllk, 1976, p.37ffl, muscovite or illite can lead to the complete illitization of 

smectites [e.g., tjloltJe7. et Cal., 1976, p.734; SLII&IIII et ~1.. 1989, p. IO]. (2) The oxidation of 

the OM is compensated by the reduction of metal-oxygen bonds: in smectites the mainly 

octahedral-coordinated Fe(Il1) is reduced to Fe(I1) [Ro277so71 am/ Heller-Kullai, 1976, p. 

286; 1978, p.90; GolL(0o\jskjo, 1995, p.73] and the resulting negative charge in the 

octahedral position can be compensated by the absorption ofa cation. In geological systems, 

in presence of OM more than 30% of the total negative charge increase in smectitic clay 

minerals can be caused by the reduction of iron [Eslirrgeret (II., 1979, p.333ff]. (3) Organic 

acids with carboxylic- (-COOH) or phenolic (-OH) groups (e.g., acetic-, citric-, flulvic- 

and humic acids) can complex polyvalent cations such as Ca2-‘-, Mg”+, A13-j.’ and Si4+ from 

the clay mineral lattice and build organo-metals complexes [Httang arzd Keller., 1971, 

p.1091, 1972, p.150; Tar?, 1986, p.13ff. The H’- donor capacity of the organic acids with 

phenolic groups is 6 to 350 times greater than of carbonic acids [e.g., fWesl?ri, 1986,p. 1241. 

Complexation occurs at pH 4-11 and at pI-I >9 it particularly affects the clay minerals 

lattice by leaching of Al and Si [R77, 1978, p. 125ff]. In geological systems, MkGowczn 

and Swdm [1988, p.246ff] and Swdmz et crl. [I 9S9, p.2ff) postulate the presence of 

complexing organic acids in the catagenetic zone of transformation of OM (SO-120°C) as 

the main cause of dissolution of K-feldspars in sandstones and, hence, as a cause of the 

accelerated illitization of illite-smectite mixed layers. (4) A fourth mechanism of 

transformation of clay minerals is the release of cations from the OM. Illitization of smectite 

can be caused by K~‘- release from K-rich OM [Sur*d~771 et al.. 1989, p.7ff: EbcrY, 1993, 

p.3 1; Gill and Yemmte, 1996, p.731. Additionally, at higher temperature (180-220°C) fixation 

of organic-derived NI-IG+ in smectites forms NH.q-illite [Stcrxc et crl., 1982, p. 162; Juster 

et al., 1987, p.557; IWlitrrns ct nl., 1989, p.609, PtSllimzs md Ferwll, 199 1, p.406; Suchn 

et LJ~., 1994, p.3721. Finally, structural changes of clay minerals due to the formation of 

inorganic polymer hydroxy-interlayers (“chlotitizatiotl“) in presence of organic compounds 

in soils were described by several authors [e.g., ~~~~lJet+-k’nllcri, 1973, p.38; Aoudjit et al., 

1996, p.323ff-j. 

According to other authors, coating of OM around smectitic minerals inhibits the illitization 

[e.g., C/cme7ltz, 1976, p.3 17ffl. OM can behave conservative by increasing the resistance 

of clay minerals against strong acids or bases. The sorption of large organic molecules on 

the external surface or in the interlayer space ofthe clay minerals leads to the formation of 



stable organo-clay complexes which have smaller sorptive properties than the original 

clay material. Several sorption mechanisms can build complexes: (a) Sorption ofnegative- 

charged polymers at the edges of the clay minerals which at pH ~5 are positively charged 

[G~+eenland, 1965, p.418; Mu&xv* md Kodmrn, 1967, p.6341. (b) Anion exchange at the 

edges at pH >4 due to the exchange of the OH- groups of the clay minerals with the OII- 

ends of organic polymers [Gzeltlnfzd, 1971. p.361. (c) Adsorption of organic polymers by 

the exchangeable cations in the interlayer space [e.g., Tfirrndc~chur*i et al., 1991, p.2261. 

Bonds between clay minerals and organic compounds can form by: (c 1) exchange between 

a water molecule in the mineral interlayer and the oxygen-end of the organic molecule 

(cation bridge) [G ~ee~zlcrnrZ, 197 1, p.341, (~2) by H-bridges between the polymer and the 

water molecule of the f‘irst hydratation layer [MorTlcmi, 1970, p.89; Theng, 1976, p.2481, 

(~3) by ligand exchange at Al or Fe-coordinated octahedral oxygen positions [Min@on et 

nl., 1967, p. 14601 or, (~4) between polymer and siloxane-oxygen [Mor%land, 1970, p.9Off]. 

The adsorption isotherm of fillvic acids is the steeper, the larger the ionic potential (valence/ 

ionic radius ratio) and the smaller the hydratation energy of the interlayer cation (in order 

of increased adsorption: Ba<Ca<Zn<La<Al<Cu<Fe<) [Tkef~g, 1976, p.2451. (d) Bonds 

can occur also between small size molecules which already arc adsorbed in the interlayer 

and long-chain molecules [L,eilcrch and Brkzdle~~, 1969, p.98; Perez Rodriguez et cd., 1977, 

p.248; Schnitzeret nl., 1988, p.453:]. In geological systems, the adsorption ofpolyaromatic 

compounds occurring in crude oil decreases the cation exchange capacity (CEC) of clay 

minerals because ofthe enhanced hydrophobicity of the clay particle and the build-up of a 

shield-effect against exchangeable cations [Clementz, 1976, p.3 18; Cznrneka md Giliot, 

1980, p.2011. Additionally, No~mfilmu et ~11. (1995, p.1491 demonstrated the strong decrease 

in Cu(l1) adsorption of an artificial smectite-humus complex in contrast to the original 

untreated smectite. For instance, the adsorption of polar compounds such as asphaltenes 

or resins on the external surface of clay particles increases the hydrophobicity of the clay 

minerals, hence their stability against strong organic solvents [Czn~e&n curd Gillot, 1980, 

p.2021. The adsorption by cation exchange of organic cations, such as methylene blue, on 

the internal surface ofsmectites, leads to the formation ofstable organo-smectite complexes, 

which show enhanced resistance against strong acids [Hap)-ta, 1995, p. 1 X3]. Organic 

compounds can also indirectly “protect” clay particles: the precipitation of amorphous Si, 

Al and Fe-compounds, controlled by the activity of organic acids (Bmrzett and Siegel, 

1986, p.7Off, ~~~lltz/'el'ti~la~l~l et al., 1986, p. 225ff; Hump and Violarrte, 1986, p.l69ffj, on ‘ 
the external surface of clay minerals leads to the formation of a protective film around the 

clay particles (“amorphous coating“) [MEOWS et al., 1974, p.43 I]. 
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Finally, according to other authors, the adsorption of organic molecules does not affect the 

properties, such as the CEC, of smectites [e.g., Schwe7-tmn7zn n7zd Niedehdde, 1993, 

p.249fI-J 

5.2. Illitization and Expandability of Illite-Smectite 

The changes on smectitic clays during the so-called illitization can be summarized as 

follows: (a) change of the chemical composition consisting in the pseudomorphic 

substitution of mono- or divalent cations for di- or trivalent cations and the increased 

fixation ofK+ or P/I-II’, (b) increase of the layer charge from -0.4S/Olo(OH)~ ofsmectitic 

layers to =0.89/ O,o(OH)2 of illitic layers, (c) increase of stacking ordering of smectitic 

and illitic layers as increase of coherent scattering domain size and ordering of stratification 

[e.g., Bet?& et III., 1986, p. 125ffl, and, (d) changes of physico-chemical properties like 

the decrease of the expandability behavior with ethylene glycol, of the CEC and total 

surface area (BET- and internal area) [e.g., Rqmlds md EIotw-, 1970, p.33; Ebe?*Z et al., 

1987, p.928; S7mk177 et al., 1986, p.3751. 

These changes have accurately been reported in the literature but refer uniquely to pure 

phase systems, mostly bentonite sediments containing only one IS1 phase. For polypbase 

systems such as elastic sediments or biogenic sediments bearing dctrital components, the 

direct characterization of the illitization degree by considering the criteria a), b) and c) is 

strongly hindered by the presence of further IS as well as pure illiti6 or micaceous phases 

which can not physically be separated from the IS fundamental particles and subsequently 

removed. 

Accordingly, although a justified criticism about the significance of expandability has 

sporadically been expressed in the literature [e .g., Rnr1so771 rrr~clHelgeson, 1989, p. 189], in 

this study the expandability with ethylene glycol of the size fraction ~0.1 kun measured by 

XRD analysis was used as the major criterion for the characterization of the illitization 

degree of IS. Using this indirect method of characterization it has to be taken into account 

that the expandability measured on the X-ray diffractograms is systematically and 

nonlinearly lower than the effective amount of K ions fixed in the crystal lattice [e.g., 

’ The term IS mixed laycr corresponds to the tcmm 10/l 7-K (ethylme glycolated) clay advocated by Kmsor~ 
nr7d tJelgeso17 [ 1989, p. 1901 according to Nickel a77cf Mr777dc7rir70 [ 1957, p.10171. 

2 The term illlitc is used SPII,YU S~~oofot~ LIIILII EDer1 [198-L p. 4951. 
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Eberf nndSrodm1, 1988, p.1337; ,‘+odo~ et nl., 1992, p.1551. Ordering and expandability 

of IS were determined on the well oriented C&saturated size fraction ~0.1 pm solvated 

with ethylene glycol vapor. Different methods o-f calculation of the percentage of smectite 

layers (%S)-’ based on the works of S’r*ortot? [19X0, p.403fe 198 1, p.299; 1984, p.3401 were 

used. Alternative methods (see also Lmsorz and Bo~rllet [ 1995: p. 1021 for a short critical 

review), such as the peak-saddle ratio calculation of 1170~~ el ~1. [19S9, p. 2281 or the 

method proposed by Tomitn et crl. [1988, p.2611 were not used because they based on a 

single basal peak position and respectively were strongly affected by the presence, in the 

studied samples, of discrete illite. 

5.3. Results of Expandability Determinations 

5.3.1. Introduction 

The one-dimensional simulation of XRD patterns of IS was obtained by using ReymId’s 

[ 19851 NEWMOno (version 2.4.2) (see also U%lk~r-, 1993, p.2ff‘l and was compared with 

the obtained X-ray diffractograms and the calculations derived from the samples. ‘The 

instrumental variables were corrected according lo the Philips apparatus. Following 

compositional parameters were maintained constant: Ca as interlayer cation; dioctahedral 

mica ((001) =T- 10.0 A) as the non-swelling phase, dioctahedral smectite (with 2 water- or 

ethylene glycol layers) as the swelling phase ((001) = 16.9 A), 0.89 as the K content of the 

di-mica phase, 0.3 as the Fe content ofboth phases; the gaussian distribution of the particle 

thickness range. The parameters Rciclmzitc (“R “) [Jqpd~irrski, 1949, p.2061 and lowest 

and highest stacking of layers varied from 0 to 1 and from 5 to 35, respectively. 

In the last decade, the decomposition of XRD patterns gained importance also in clay 

mineralogy [e.g., JOTZCS, 1989, p.58ffl. The decomposition of low-angle basal reflections 

of clay minerals has been successfully performed to distinguish the burial histories of 

detrital or diagenetic clay minerals of similar mineralogy, hence similar XRD patterns, 

since the program algorithms were adapted to the specific parameters of phyllosilicates 

(e.g., L’Jzco~zy~* of B. Lanson, CNRS, Grenoble) [e-g, Stem et nl., 199 1, p.457ff; Lnrzsm 

and Bessw~, 1992, p.44ff; Lrrrlsor~ md Wde, 1992, p.634ff; Gltntmhi arid Wde, 1995, 

p.357; Ghnrwbi et 01.. 1995, p.357; 1998, p.8lffr Lrrmwrl urld Bmchef, 1995, p. 1lOfft 
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Lnnson, 1997, p.138ff; Lnnson et 01.. lVV8, p.7lff’. 

In this study the last version of h/lncl)<$~~. 0 [P&~~hicfi, 1 VVS] and the apparatus software 

of,S&tn~ were used for the decomposition ofreflections generated by mixtures of one or 

two IS phases and illite. Although the spli tted Yerr/soll VU function was recommended for 

fitting of peaks of different heights [Sfc~~ et r/l.. 1 VV 1, p.4591, the Gaussian function was 

used according to Ln~son [ 19V7, p. 1431 in consideration of the low-angle asymmetry of 

the reflections which, at 20 >lO* is not more significantly pronounced (Fig. IO. 1). 

5.3.2. Gorge a Cerbara 

At Gorgo a Cerbara all samples show a basal (OOl)-reflection of the ethylene glycoli IS- 

complex between 5” and 6”20, indicating random ordering (Ro) of smectite layers 

stratification (E 1,. *‘CT 5.1). Discrete nonexpandable illite is present in all samples and its 

content is inversely proportional to the carbonate content of the rock (Fig. 4.16). In the 

fraction ~0.1 pm, the presence of higher amounts of discrete, well-crystallized illitc in the 

carbonate poor sediments is indicated by a reduced peak/saddle ratio of the (OOl)-reflection 

ofthe IS-EG complex. This phenomenon confirms the limits ofmeasuring the expandability 

of IS in presence of illite using the peak/saddle ratio of (001) according to Ikzre et ~71. 

[ 1 VSV, p.2281 (Fig. 5.1). The percentage of smectite layers S% in IS was calculated using 

the reflections at 15 16” and 3 l-32”2 0 respectively [S~orlon, 1 V8 1, p.3001. Higher ordered 

reflections (42-44” and 4648”2 0) could not be accurately detected by the diffractometer 

software. Small amounts of discrete illite were considered in the calculation of %S. The 

error was estimated <5 %S. &cause of the strong discrete illite contamination, for two 

samples it was necessary to use the relative reflection positions at 15- 17” and 26-27 ‘2 0 

[Sr-olion, 1980, p.4061. This method is less precise (error 2.5 %S) because both reflections 

are more affected by fundamental particle size [S~odorz, 1980, p.4071. 

In the fraction ~0.1 lim at Gorgo a Cerbara, the smectite content in IS varies between 55 

and 80 %S (Fig. 5.2, Table 10.4). Generally, the IS with expandability ~70 %S show: (a) a 

minor peak/saddle ratio of the (OOl)-reflection of the IS-EG complex, and (b) a minor 

shift towards lower angles “2 Q of the peak 17 and 3 l-32 A (Fig. 5.1). While the former 

pattern reflects also the presence of a discrete illitic phase, the latter is less dependent from 

the discrete illite. The variability of expandability is not depth-dependent, i.e. it does not 

reflect any burial diayenetic trend of decreasing expandability towards higher depths [e.g., 

Perry or& I~o~cw+, 1970, p. 1 GXft). Indeed, the selected depth interval is very narrow and 

similar low expandabilities were measured at the opposite parts of the section. The low 
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Figure 5.1. X-ray diffractograms of three selected IS-rich Ca-saturated size fractions ~0.1 /un from Gorgo 
a Cerbara, solvated 14 h with ethylene @xl (EC;) vapour at 60 “c’. The samples represent different 
expandability, as well as TOC and carbonate contents. The d-values mark the diagnostic reflections used for 
the calculation of the expandability according to Sk/or1 [ 198 1, p.300]. Both dashed and dotted lines represent 
the Newmod simulation for the pure IS phase. The dashed line refers to a low expandable IS (S o/S) present 
in discrete amounts in all samples (dimica = 0.82: dismectite 2 EC; layers = 0.0s; Fe = 0.3; K = 0.89; range 
of the Gaussian-distributed stacked layers = S-1 7). The dotted lines refer to the random-ordered IS (GC 25: 
0.2 dimicai0.8 dismectite 2 EG-layers; Fe = 0.3: K = 0.89; GC 76: 0.1 dimica’0.6 dismectite 2 EG-layers; 
GC 25: 0.2 dimicaB.8 dismectite 2 EG-layers). The Newmod simulations do not represent a fit result, hence 
only the position, but not the relative peak intensity. has a quantitative rele\.ance. It is noteworthy to mention 
that the relative peak intensity of X-ray diffracto~ratns is strongly dependent upon the range of fundamental 
particle thickness, its distribution (Gatlssian or Log normal), on the shape of the fundamental particle [e.g., 
S~ot/o~ NW/ Elsns,r, 1994. p. 1 15ft], as ~vell. on measured samples. on the orientation of the clay particles. 

expandabilities are associated with the tmrly limestones and the black shales (-55-65 

o/OS), whereas the highest expandabilities where n~~mrecl in the micritic limestones (-70- 

80 X3). This trend appears to be systematic. Differences of expandability between Maiolica 

and Scisti a Fucoidi limestones were not observed. Within the LS, the lowest values of %S 

were measured in the green member, whereas towards the top of the black member, the 

expandability of IS increases (Fig. 5.3). 
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Figure 5.2. Evolution of IS expandability through the section Gorge a Cerbarn. 
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Figure 5.3. Evolution of IS expndnbility through the .S at Ciorgo a Cei-bara. 



5.3.3. Cismon 

Also at Cismon, all samples consist of Ro-IS and discrete non expandable illite. The 

percentage of smectite layers (%S) in the TS was calculated using the combination of 

reflections at 15-17” and 25.5-27”2 0 [SK&U, 1980, p.4061. ‘This method, less precise 

than considering the reflections at 15-17” and 3 1-3 2 “2 0 was necessary because of the 

diffLtse reflection at 3 l-32”2 0 and the influence of discrete illite. Only in few cases the 

reflections at 15-I 7” and 3 1-32”2 0 could be used according to Sr*clclon [I 981, .p300]. 

Indeed, even after long measurement time (8 set/ 0.02 “2 0) the peak at 1 S-17”2 c”> presented 

a rounded shape which made an accurate peak positioning difficult. All samples show a 

basal (OOl)-reflection of the ethylene glycol/ Wcomplex between 5” and 6” 2 0 (16.5- 

17.07A) which indicates Ilo-stratification. Higher ordered reflections (42-44” and 46-48”2 

0) could not be accurately detected. probably because of the limited thickness of the 

samples and/or ofthe fundamental particles. Small amounts of discrete illite were considered 

in the calculation [S’KKEO~ 198 1, p.3011. The error was estimated at -t5 “/OS. 

In the fraction ~0. I ~111 at Cismon, the smectitc content in IS varies between -50 and 75 

80 “/OS (Fig. 5.4-5.5; Table 10.5). Like as at Gorgo a Cerbara, the variability of expandability 

is not depth-dependent. Also at Cismon, the low expandabilities are associated with the 

marly limestones and the black shales (=50-60 %S), whereas the highest expandabilities 

with the carbonate-rich sediments (-70-80 O/OS). Also at Cismon, this trend is systematic. 

Differences of expandability between the formations Maiolica and Scaglia Variegata have 

not been observed. Within the LS, the lowest expandability values (~55-57 %S) were 

measured in the lower part and at the top of the interval, whereas the middle of the LS is 

characterized by higher values (63-75 %S) (Fig. 5.6). 

5.3.4. Roter Sattel 

At Roter Sattel all IS XRD patterns show a basal (00 1 )-reff ection of the ethylene gIycol/ 

IS-complex at a higher angle than 5.3”2 0, which indicates a certain ordering degree of 

stratification. The percentage ofsmectite layers %S in IS was calculated comparing three 

diagnostic procedures proposed by St*otion [1980, 19841 for tlotlrandom-ordered mixed 

layers: a) using the reflections at 15-l 7” and 25.5-17 “2 0 [St*udut~, 1984,p.340], b) using 

the same reflections and additionally considering the type of ordering and c) using the 

reflections at 25.5-27” and 43-44 “2 0 Method b provided expandability values 
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Figure 5.4. X-ray diffrnctograrns ofthree selected IS-rich Ca-saturated size fractions ~0.1 lun from Cismon, 
solvatcd 14 h with ethylene glycol (EG) vapour at 60 “C. The samples represent different expandability, as 
well as TOC and carbonate contents. The dotted lines refer to the random-ordered IS (CI 0: 0.15 dimica/0.75 
dismectite 2 EG-layers; Fe = 0.3; K = 0.89: CI 37: 0.45 dimb’0.55 dismectite 2 EG-layers; CI 46: 0.2 
dimiczJ0.8 dismectite 2 EG-layers; Gaussian distributed layer stacking range amount: 5- 15). For further 
explanations see Figure 5.1. 

systematically 5 %S lower than method a and c. At Roter Sattel the accurate calculation of 

%S was rendered difficult because of the presence. in some samples, of an additional 

random ordered IS phase (Fi,. (r 5.7) and, in all samples, of a well crystallized mica-like 

phase. The discrete amounts ofthe latter were considered in the calculation [Sm&m, 1981, 

p.301]. The error was estimated at F5 %S for methods a and b, and at +1 %S for method c 

[Srodorl, 1980, p.4071. 

In the fraction CO. 1 pm at Roter Sattel, the smectite cotltent in IS varies between 30 and 50 

%S (Fig. 5.8-5.9; Table 10.6). Like in the previous described sections, the variability of 

expandability is not depth-dependent. Also at Koter Sattel, the low expandabilities are 

associated with the marly limestones and the black shales (~30 %S), whereas the highest 

expandabilities with the carbonate-rich sediments (-SO %S). However, this trend could 
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Figure 5.6. Evolution of IS expandability through the IS at Cismon. 
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Figure 5.7. X-ray diffractogranls of three selected IS-rich Ca-saturated size fractions ~0.1 pm 
front Roter Sattel, solvated 14 II with ethylene glycol (IX) vapour at 60 “C. The samples represent 
different expandability, 8s well as TCX and carbonate contents. The dotted lines refer to the 
LS’II-ordered IS (KS 1: 0.75 dimicai0.25 distnectite 2 EC-layers: Fe = 0.3; K = 0.89; RS 18: 0.85 
dinkU0.15 disnlectitc 2 EC;-layers; RS 44: 0.75 dimicai0.25 dismectite 2 BG-layers; Gaussian 
distributed layer stacking range unount: 5- 15). The second dotted line in snrnple RS 1 simulates 
B randoln-ordered IS of50 %S coexisting with the other two illitic phases. For further explanations 
see Figure 5.1. 

not be confirmed in the Calcaires Plaquettks Fm., since no black shales or carbonate-poor 

samples where collected. At Roter Sattel, a difference between similar lithologies ofboth 

formations has not been observed. Finally, constantly low expandability values (“17 %S) 

characterize the entire LS (Fig. 5.9). 

5.4. Characterization of the Negative Charge in IS 

The extent, the position and evolution of the negative layer charge of smectite and the 

smectite component in IS play a crucial role prior to and during the illitization reaction 

[e.g., Kodmct md Ross, 1974, p.493; HoM~I~~, 1981, p.14Off; &to et nl., 1992, p.111; 

1996, p.463ff, XL nrd Hnmh, 1992, p569ffn. The negative layer characterization charge 
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(in terms of charge density SCXSZ~ Lagaly [ 1979, p.41) was performed in order to detect 

whether significant difference of charge amount or location are at the origin of the 

contrasting expandability behavior between the IS from carbonate-poor and carbonate- 

rich seditnents. For this purpose IS separates from Gorgo a Cerbara and Cismon were 

exchanged with octadecylammonium ions, as well as saturated with K and Li (Greene- 

Kelly test) and solvated with ethylene glycol and glycerol, respectively. The combination 

of these tests permits to estimate the extent and the location of the charge uniquely in the 

smectite component of IS [e.g., Sat0 et LII., 1996, p.4611. Only few samples from Roter 

Sattcl were included in the investigation, because of the significant presence of well 

crystallized illitc affecting the accurate estimation of the mean layer charge. 

The octadecylammonium-expanded samples [Riihlicl~~ rr& k’ohlel*, 198 1, p.3061 of low- 

expandable IS (-55 %S) showed a total average negative charge of -0.6S/010(OH);? 

according to Olis et al. (1990, p.461 and Cetirl ar~rl H@‘[1995, p.343ff) (Figs. 5.10-12). 

By contrast, the high expandable IS (-XX1 ‘P&S) showed an average charge of 0.4/O,~~(OH)l 

(Figs. 5.13-15). Adifference between IS from carbonate-poor and OM-poor and carbonate- 

poor black shales was not observed. 

After ethylene glycol intercalation, both low- and high expandable K-exchanged IS showed 

a shift of the (001) reflection of the IS/ethylene glycol complex to C 16.9 A, confirming 

that in both IS types, the smectite layers are high-charged. This is shown by the reflection 

at 13.9 8, indicating a random ordered stratification of l- and 2-layered ethylene glycol in 

the interlayer space [e.g., Mi~chi~jdilc am? Cicel, 1981, p.50] (Figs. 5.10-15). 

The Greene-Kelly test [C&e~ze-I&Q, 1952, p .222ff, 1955, p.551 was performed in order 

to neutralize the negative charge located in the octahedral sheet of the smectite layers and 

estimate the extent of the tetrahedral charge [Hq%aurz nrld Klmen, 1950, p.971. After 

glycerol solvation, the Li-exchanged low expandable IS showed a broad reflection at 1 S A 

(Figs. 5. lo- 12), whereas the high expandable IS showed a weak reflection at 14 A (Figs. 

5.13- 15). The former indicates that a residual charge of ,O. 1 8/0,0(OH)z is located in the 

tetrahedral sheet of the smectite layers, whereas the weak high angle reflection of the 

latter indicates that the tetrahedral charge in high expandable IS is ~0.1 8/0,0(OH)r! [Cnlvet 

am? P;r~ost, 197 1 ) p. 1831. 

The results of the Greene-Kelly test are conf%med by the octadecylammonium expansion 

of Li-exchanged IS. In low expandable IS the presence of a significant negative charge in 

the tetrahedral sheet of N. 1 8/0,0(OH)z is confirmed by the reflection at 19 A, indicating 

a tetrahedral charge -0.3!01n(OH)7. By contrast, the Li-exchanged high expandable IS 

show only a diffuse shoulder at I 6 A, confirming the tetrahedral charge of<O. 1 8/0,0(OH)z 
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Figure 5.12. X-ray diffractograms of a low expandable IS from Rater 
Sattel showing smectite layers in IS with higher tetrahedral-located 
negative charge. 
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Figure 5.13. S-ray diffractograms of a high cspat~iable IS from Cargo 
a Cerhnra shouing smectite layers in IS \vith lower tetralicdral-located 
negative charge. 
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Figure 5.15. X-ray diffractogrms of a higher expandable IS from 
Roter Sattel showing smectite layers in IS with lower tetrahedral- 
located negative charge. 
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(Figs. 5.13-15). 

An attempt to calculate the amount of Cxed K and the structural formula of selected IS 

separates was performed by microprobe analysis of single IS aggregates. Although the ion 

beam size of 10 pm affects a size range of -_ -3000 unit cells, this method permits to visualize 

and measure similarly-shaped aggregate, excluding the significant influence of accessory 

minerals. As a further advantage, this method requires only small amounts of sample (<20 

mg). The results of chemical analysis and the structural formulas. calculated using “method 

I” of Cicel md liic)mn~/~l 11994, p. 1161, are reported in Table 5.1. The difference in the 

fixed amount of K and the tetrahedral substitution ofA for Si are quantitatively conlirmed. 

5.5. Distinction Between Diagenetic and Detrital lllitic Phases 

5.5.1. The K-Ar Dating Approach 

5.5.1.1. Introduction 

K-Ar dating of sediments and clay minerals has been performed since the late 195Os- 

early 1960s [Hr~*lq: et al., 1961, p.l812ff:, 1963, p.39Sff-j. Since then, K-Ar analysis of 

illitc and/or IS transformations has mostly been applied as a tool for oil prospecting [e.g., 

Mmw and IVbn~plcy~~, 1970, p.3423; LLT et al., 1985, p. 1384, Liewig et cd., 1957, p. 1473; 

Kuriey nnd Flisch, 1989, p.311; Glns~~rrz~r et LII., 1989, p.1355; Humilton et nl., 1989, 

p.226ff; Pcvea~*, 1992, p. 125 1 ff; i4:mer:ly md Robinson, 1993, p. 108ffl. In the cited studies, 

the aim of illite data processing was to specify the temporal development of reservoir 

rocks characteristics. However, the conclusions of most of the investigations reflected the 

difficulties of this dating tool applied to illite and IS, due to their peculiar mineralogical, 

physico-chemical and genetic features. 

A major problem of K-Ar dating of diagenetic 1S in sediments (with exception of 

bentonites, e.g., Clnuer* et ~11. [1997a, p. 187) is the presence of additional IS and/or illite 

phases which not necessarily are cogenetic, and in most of the cases are of detrital origin. 

EIence, since the physical separation of such heterogeneous mixtures in single “pure” phases 

still remains a challenge, K-Ar analysis of diagenetic IS or illite is often strongly affected, 

also in the finest separable size fractions, by K-bearing contaminants of detrital origin 

[e.g., Hmrikcr-, 1986p.37; Xc&et-, 1987> p. 113; B~lq and Flisch, 1989, ~299; hlossmnm, 

1991, p.lc)lff’ Pelvnr, 1992, p. 1254; Schnlt6 J~~-cI+ et al., 1995, p. 169; C%W et al., 1997b, 

p.9241. 



A second important aspect affecting the interpretation of K-Ar dating of clay minerals 

is the retentivity of radiogenic Ar which may be dependent upon (a) the mechanical and 

chemical pretreatment of the samples [e.g., Clnrrer* et al., 1993, p.7ff; CXruel- fltld ChnLK~hlit~i, 

1995, p.5OffJ, (b) the temperature reached during sample pretreatment or maximum 

sediment burial [e.g., EVCIXL~UI et rrE., 196 1, p.8Off], (c) the crystallization degree [e.g., 

Odin et nl., 1977, p. 1561, (d) the grain size [e.g., Pct*ty~, 1974, p. 829, Amnson and HOWY, 

1976, p.742’1. 

A more fLmdamenta1 aspect of K-Ar dating of illitic clays is related to the ongoing 

debate about the real n~ecl~anisn~ of illitization started with the paper of Hmve7- et rrl. 

[1976, p.725f.f) and restimulated by the introduction of the fundamental particle paradigm 

by Nader et rrl. [1984, p.923fYj. Hence, only recently EDe?*l [1993, p.27ff], tilde nrtd 

Retznc [ 1996, p. 301 and Cln~r* et crl., [1997a, p. 1931 recognized and described the crucial 

dependence of K-Ar dating of illitic clays and its correct interpretation, upon the illitization 

mechanism of IS. The new and ftmdamental postulate of Velde crnd Retmc [ 1996, p.301 

and Clauev et al., [1997a, p. 1941 declares that punctuated ages ofillitization [e.g., Altmer 

et nl., 1984, p.415; Morton, 1985, p. 1201 can be determined only in rare cases, such as the 

rapid illitization of kaolinite with an external K source [ Elde c177d Renrrc, 1996, p.301, or 

the rapid hydrothermal alteration of tuffs [Clalrel* et nl., 1997a, p. 193:]. In contrast, the 

long, gradual illitization reaction of IS results in the K-Ar dating of “titnc ranges” of 

illitization lasting, in dependence of the peculiar burial history of the sediments, up to 

several million years. 

In this study K-Ar analysis was mostly required for the dating of IS at Cismon and 

Gorgo a Ccrbara. Indeed, the very low OM maturity in both sections suggests that the 

maximum temperature during burial diagenesis did not exceed 80- 100 “C. Moreover, two 

further arguments would support the hypothesis that the IS investigated in the two sections 

are of detrital nature and have not been diagenetically altered: (a) the moderate- to high 

expandability of IS, and (1,) the fluctuations of the relative detrital mineralogical content 

in the sediment (Section 4) reflecting changes of sedimentation conditions which may 

have resulted in the supply of detrital. differently expandable IS. In this context, the aim of 

K-Ar analysis was to determine the age of the last transformation process involving IS, 

and to relate it to the diagenesis of the sediment. Theoretically, the age of the last 

transformation of IS may be (a) older than the sediment, indicating that the IS is ofdetrital 

origin, (b) as old as the sediment or, (c) younger than the sediment, i.e. cogenetic to the 

early- or burial diagenesis of the section. Therefore, the aim of K-Ar analysis was rather to 

confirm the diagenetic origin of IS and, only in a lesser extent, to accurately determine the 
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“age” of illitization senm Velde and Rena [ 1996, p.3 1] and Cla~ler et nZ. [ 1997% 19Offj. 

For this purpose all K-Ar age analyses were performed on IS-rich size fractions from 

representative samples of the L,S showing different carbonate- and OM content. Only two 

samples from Gorgo a Cerbara (GC 40 and GC 44) were collected in slightly younger 

horizons. Based on the sedimentation rates calculated by Herbert [ 1992, p.261, the 

maximum age difference between the sampled horizons is of 120 ka at Cismon (samples 

CI 10 and Ct 13), 980 ka at Gorgo a Cerbara (sample GC SS and GC 44) and 1.8 Ma at 

Roter Sattel (sample RS 1 and KS 44). These age intervals are covered by the error range 

(quoted at the 20 level) of K-Ar data in this study. Finally, the onset of the LS which has 

been dated in Gorgo a Cerbara by correlating magnetostratigraphy [~ClmvzeZl. et rrl., 1995, 

p. 1361 and cyclostratigraphy [Hwbert, 1992, p.2 1 ffj as 120.3 My [E7*bn, 1996, p.401 and 

representing one of the rare accurately dated events in these early Aptian pelagic sequences, 

will serve as chronological marker. The recent revaluation of the Ar-Ar-dating of the early 

Aptian Onton, 0 Java Plateau hasalts, used as calibration marker to date the onset of 

magnetochron MO at Gorgo a Cerbara may shift the onset time of the LS to 12 1.3 My (R. 

Larson, University of Rhodes Island, pers. cotnm., 1998). 

The principles of K-Ar datin, 0 have been illustrated by several authors [e.g. Fmm, 

1987, p.147ff; E’nreq m(Z Robinson, 1993, p. 104ff; Clruer md Cl~md~~wi, 1995, p.301. 

Technical analytical details are given by Flisch [ 1982, p. IS lff], and the evaluation of the 

isochron technique has been extensively provided by St?qifiqtr//~rl~ cmd Damon [ 1974, 

p.1347.ffl and Hnrym* [ 1970, p.1271. In a K-bearing mineral, the amount of radiogenic 

argon (40Ar*) produced from the decay of 4oK is a function of time: 

with: h = total decay constant ([O.SSl C 4.9627 x lO-l(’ , v -1, Stager crnd Jiger. [1977, 

p.3591) 

h, = partial decay constant for AoKtojOAr decay(0.581 -t-4.962)x 10-loy-l 

t = time (Age) 

It follows that the time of decay after “closin g” of the K-Ar system (or apparent “age”) can 

be expressed as: 
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5.5.1.2. Results of K-Ar Dating of TS 

The I(-Ar age was determined on the size fractions KC). 1 and 0.1-0.2 /,lrn of two samples 

from Cismon (CI 10 and CI 13), three from Gorge a Cerhara (GC S5, GC 40, GC 44) and 

three from Roter Sattel (RS 1, RS 26 and RS 44). Two size fractions were selected in order 

to distinguish an apparent age dominated by diagenetic IS, from an age dominated by 

detrital illite. The purity degree of the finest fraction was tested by XRD analysis and 

observations on TEM coupled with an EDX detector. The fraction ~0.1 pm consisted 

mostly ofIS (Fi,. 0 10.7), and the fraction 0.1-0.2 ctm contained IS and discrete amounts of 

well crystallized illite (Fi,. (7 10.7), quartz and chlorite which are supposed to be of detrital 

origin (Fig. 10.7). Concerning the detrital illite, at least at Gorge a Cerbara and Cismon 

the low maximum temperature reached during burial, partially confirmed by the low 

maturity of the OM (Section 4), does not explain the high crystallinity degree of illite 

[e.g., Sroch and Ebd, 1984, p.52Sff, Snto et nl,, 1996,1>.463]. 111 all sections, the range 

of apparent age is situated between 78.4 -t3.1 and 223.0 i.5.7 My. The finest fraction ~0.1 

pm systematically shows a younger apparent age as the coarser fraction 0.1-0.2 pin. 

5.5.1.2.1. Gorge a Cerhara 

At Gorge a Cerbara the untreated fraction ~0. I pm of the carbonate-free black shale CiCS5 

and the marl CC 40 showed an apparent age of 115.6 i3.8 My and 92.7 +4.3 My, 

respectively, i.e. younger than the 1,s (Table 5.2; 5.16a). By contrast, the finest fraction of 

the marly limestone GC 44 showed a higher age, 130.4 rir3.S. due to a discrete amount of 

feldspar detectable with XRD. The fraction 0.1-0.2 pm of all untreated samples showed a 

systematic, significantly higher age than the depositional age of the L,S: GC 40: 171.2 

+7.2 My; GC S5: 180.5 55.0 My; and GC 44: 223 .O +-5.7 My, confirming the presence of 

minerals of detrital origin (Fig. 10.7). The age ofthe fraction ~0.1 pm of the CIS-exchanged 

samples GC S5 and GC 40 remained unchanged within the analytical error range: 109.6 

Ifill. and 94.1 57.1, respectively (Fi g. 5.16). By contrast. the age of the coarser fraction 

showed different features after treatment: while the age of GC S5 dropped to a value 

(110.3 rtl X.0 My) similar to the age of the untreated and treated fraction ~0.1 pm, the age 

of the Cl&treated GC 40 fraction 0.1-0.2 ltm remained unchanged within the analytical 

error (166.1 i-5.9 My). 

The plot 4%/36Ar-40Ar/36Ar (Fig. 5.16b) shows that the isochrons traced through 

different fractions of the same sample are mixing lines of two or more minerals, since they 
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Figure 5.16a-d. Results of K-Ar dating ofthe IS-rich fraction ~0.1 km and the illitic fraction 0.1-0.2 
ptn from Gorge n Ckrbara. (a) Age of the different ftxctions untreated and treated with 
octadecylammonittm. (b) “‘Kil”Ar-“‘Ar”“,4r plot and the isochrons traced through the samples of the 
same fraction. (c) Harper diagram. (d) 1 ili0ht.-J”Ar/36Ar diagram for the ~~isualisation of sorbed amounts 
of atmospheric j”Ar. 



have a strong negative intercept on the 40Arl36Ar-axis [e.g., Clnclev nnd Chacrdhuri, 1995, 

p.321. Hence, tl ley have no dating significance. In contrast, each size fraction of the different 

samples describes a distinct isochron of different slope intercepting the 40Ar/36Ar-axis 

close to the atmospheric ratio ([40Ar!“6Ar],t1,, ~2: 295.5; iVie/*, 1950). This feature suggests 

the presence of two or more minerals of different age, as indicated by the distinct slope of 

the isochrons. 0n the fraction ~0.1 ~_tm, the treatment with CZS caused a decrease of both 

ratios 4($$GAr and doAr/36Ar, leading to a shallowing (- “younging”, Fig. S. 16b) of the 

isochron of each sample with an intercept on the 10Ar/36Ar-axis closer to the atmospheric 

value. In the coarser fraction, the C1S-exchange did not show any systematic variations. 

The very high 4%$6Ar and doAr/jGAr values of sample GC44 0.1-0.2 pm which could 

not be assigned to any of the two isochrons con-tirmed the strong influence of one or more 

detrital phases affecting the IS-Ar dating. 

The plot Kz0-40Ar* (or “Harper Diagram“, Hmp- [ 1970, p. 1211) points out the 

complexity of the accurate age analysis when mixing of two or more mineral phases, as 

the case in this study. is involved. At a K-content of O> the theoretical intercept on the 

40Ar*-of an undisturbed system has also to be zero. In this study, both the lines passing 

through the different samples of equal size have a negative intercept (Fig. 5.16~). This is 

not surprising for the coarse size fraction, since it represents a mixing of IS and illite (and 

feldspar in sample GC44), i.e. of two minerals with different K content and Ar-retentivity, 

and may indicate that the ages of the coarse fraction are systematically underestimated. 

Concerning the finest fraction, the negative intercept indicates the effect of mixing also in 

sample GCSS, whereas the line passing through both samples (treated and untreated) GC 

40 has an intercept close to zero and confirms the reliability of the isochron of Figure 

5.16~. Finally, the plot 1/3hAr-qoAr/3bAr (Fig.S. 1Gd) confirmed that the isochron passing 

though each distinct size fraction (Fig. 5.16b) was mainly controlled by mixing of 

atmospheric Ar and Ar adsorbed in the minerals [B~r.lq UX? Hisch, 1989, p.3061. Indeed, 

in the plot of Figure 5.16d the alignment of the samples of equal size fraction indicates 

that variations of age appear to be caused by variations of amount of atmospheric 36Ar, 

This indicates that the apparent ages described by the isochron of Figure 16b (see also Fig. 

5.16a) do not represent real, punctuated ages of illitization. 

5.5.1.2.2. Cismon 

At Cismon the apparent ages of the untreated fraction ~0.1 kern (Fig. 10.7b) of both marly- 

siliceous limestone samples CI 10 (118.0 i3.8 My) and CT 13 (lZO.Ot-3.8 My) are similar 
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Figure S.l7il-d. Results of K-h dating of the IS-rich fraction 4.1 pm and the illitic fraction 0.1. 
0.2 pm ti.0117 Cismon. For further esplanation see Figure 4.16. 
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and correspond to the ages measured in the finest fraction of the Gorgo a Cerbara samples 

(Table 5.3; Fig. 5.17a). The results may confirm that the finest fraction is slightly younger 

than the deposition age of the LS. The age of the coarse fraction of both samples is higher: 

166.4 rt4.8 Ma (CI 10) and 153.6 t-4.2 My (CI 13). After alkylammonium exchange, the 

age of the fraction ~0.1 pm of sample CI 13 dropped to 104.9 rt5.9 My, whereas the 

coarser fraction showed an increase up to 175 i6.0 My (Fig. S. 17b). This trend is in 

opposition with the results of alkylammonium exchange at Gorge a Ccrbara. The plot 
‘kOK,O(,Ar_4OAr/36Ar (Fi g. 5.17h) shows that each size fraction describes a well defined 

isochron through both untreated and treated samples CI 10 and CI 13. While the isochron 

of the finest fraction has an intercept close to the atmospheric 40Ari36Ar ratio, the isochron 

of the coarse fraction is almost parallel but shifted towards higher qOAr/-/3eAr values. This 

parallel shift which indicates that the coarse fraction has fundamentally the same age as 

the finest fraction (the isochron slopes are parallel), results in a high 4oAr/36Ar intercept 

indicating the presence ofexcess 40Ar. The values ofboth alkylar7ll~lonium treated fractions 

are located on the relative isochron, but the isochron described by these two values is the 

only showing a positive, although minor, 40Ar/3hAr-intercept. 

The Harper diagram confirms the excess ‘“Ar present in the coarse fraction (Fig. 5.17~). 

The fine fraction shows a slight “OAr loss of similar extent as already observed at Gorge a 

Cerbara, confirming the mixing character of the samples. Moreover, generally the Cl 8- 

treated samples of both fractions show a trend to both minor K?O and ‘“Ar contents. Finally, 

the plot 1/36Ar-40Ar/36Ar (Fig. 5.17d) confirms the trend measured at Gorge a Cerbara of 

a strong increase of j6Ar after CI&treatment. 

551.23. Hater Sattel 

At Roter Sattel, the results of K-Ar dating show a different pattern than the results from 

the previously described sections. The ages of the untreated fraction ~0.1 pm of limestone 

RS 44 (Fig. 10.7~) (113.8 13.5 My), and marly limestone RS 1 (75.6 f2.7 My) and RS 26 

(95.4 +3.8 My) strongly scatter (Table 5.4; Fig. 5.18a). However, all samples are younger 

than the deposition age of the LS. Compared with the finest fraction, the coarse fraction 

confirms the increase in age calculated in the other two sections. However such increase is 

not so pronounced and the untreated coarse fraction shows identical ages (RS 1: 126.5 

42.7 My; RS 26: 127.2 k3.3 My), with exception of sample KS 44 (178.2 +3.8 My). As a 

further peculiarity, after alkylammonium treatment the age of both size fractions of each 

sample remained unchanged within the analytical error (Fig. 5.18a). The plot 40K/36Ar- 
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Figure S.lSa-cl. Results of K-Ar dating of the iSrich fkction ~0.1 ym and the illitic fraction 0.1” 
0.2 pm from Roter Sattel. For further explanation see Figure 4.16. 
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40At@Ar (Fig. 5.1%) confirms the more scattered pattern of the K-Ar ages. Only the 

coarse fraction (excluding sample KS 34) shows a well defined isochron passing through 

the atmospheric 4()Ar/jhAr-intercept. By contrast, the samples of the fine fraction are not 

located on one line but nevertheless, the best calculated linear fit (excluding sample RS 

44) is flatter than the coarse fraction isochron, confirming the minor age of the finest 

fraction. Also the Harper diagram from Roter Sattel shows isochrons passing through the 

origin of the axes, indicating that no signif‘icant ‘“Ar loss or retention affected the K-Ar 

ages (Fig. 5. I&J). The 1/36Ar-40Ar/36Ar diagram shows an inverse trend of the CZ&treated 

samples, with respect to the data from the other sections, towards lower ‘6Ar content ages 

(Fig. 5.1 X), but indicating that also at Roter Sattel variations in atmospheric ““Ar affected 

the K-Ar ages. 

Finally, the results ofsatnple RS 26 measured for comparison by 13. I&ear (Exxon Research 

Company, Houston, TX) indicate ages ranging between 191 fS My (fraction 0.2-2 pm), 

141 t-4 My (0.2-0.02 pm) and 119 rt3 My (CO.02 pm) (Table 5.4). On the one hand these 

ages are poorly comparable to the ages calculated in this study because they refer to different 

size fractions separated using Field Flow Fractionation [Pcvc~- crnd Eolijk, 1995, p. 171. 

On the other hand the data of sample RS 26 confirm the diagenetic and the detrital origin 

of the finest and coarser fraction, respectively. 

5.5.1.3. Discussion 

At Gorge a Cerbara and Cismon, the apparent ages of both untreated fractions ~0.1 pm 

and 0. I-O.2 pm are similar (=I 14-130 My), whereas at Roter Sattel the age of the f‘inest 

fraction is lower (-76-l 14 My). Nevertheless, in all sections the finest fraction shows 

systematically younger ages (78.4 to 120.0 My) than the stratigraphically-determined onset 

of the LS (120.3 My), with exception of sample GC 44 ~0.1 pm (130.4 My). By contrast, 

all coarse fractions yield an age bet\vecn 126 and 223 My, i.e. significantly older than the 

stratigraphic age of the LS. This trend suggests that the finer fraction is dominated by a 

diagenetic and the coarse is influenced by a detritai mineral component. Moreover, this 

trend is in agreement Lvith K-Ar analyses on clay fractions of argillaceous sediments 

performed by several authors and was attributed to the higher contribution of dctrital 

minerals present in the coarser fraction [e.g., A~Y~I~so~~ nr~d Houw, 1976, p.742; Liewig et 

cd., 1987, p. 1473; Kcuter, 1987, p. 113; El~r-cnhc I* J g r-rud Ndenlr, 1989, p.243; Homilton et 

al., 1989, p.222; i~lossnuv~rt, 1991. p. 191ff; CIflller. et al., 199S, p.4; Schnltegger et al., 

1995, p.1701. 
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The sample exchanged with the octadecylammonium ion show systematic lower apparent 

ages, with exception of the samples from Roter Sattcl. This trend confirms the results 

reported by Secrr~ et rrl. [I 99Sa, p.382; 1995b, p.106ff; 1997, p.671 and Cltnd~wi et LZI. 

[1997> p.141. FI owever, the youngening of the CIS-treated samples coincides not only 

with a decrease of K, but also with the decrease of the ratio “OAr/‘“Ar. The latter is due 

mostly to an increase ofthe atmospheric “Ar content. Therefore, the younging of the C18- 

treated is strongly affected by adsorption of atmospheric ‘“Ar which may be sorbed in 

presence of the alkylammonium ion. Unfortunately, the cited studies do not provide any 

data concerning the evolution of the ratios ‘OAr?“Ar and li”“Ar and, hence, do not permit 

to evaluate if the age trends of CIS-treated samples are affected by an artifact. Therefore, 

the different amounts of sorbed atmospheric ‘“Ar do not permit to consider the calculated 

ages ofthe Cf (S-treated samples as punctuated ages of illitization. In this context> the K-Ar 

data permit uniquely to obtain “ranges of age” of illitization [e.g., Rtwley cud Flisch, 

1989, p.3081, considering only the tine fraction of the samples. 

The K-Ar age analyses of both fractions 4.1 and 0.1-0.2 pm confirmed the presence 

of K-bearing phases with different K-Ar and 30Ar!j6Ar ratios than the ratios present in the 

IS. The only limited increase of KzO in the coarse fraction indicates that the contamination 

due to detrital illite component is quantitatively limited and that the quartz has a probably 

a dilution effect (Tab. 5.4-5). However, the detrital phase shows a clearly high 40Ar/3”Ar 

ratio, causing a negative intercept of the isochron in the 40Ari36Ar-“oK/36Ar plot and, 

thus, a higher apparent age of the coarse fraction. Hence, the obtained apparent ages of the 

fine fraction of all samples are, in a certain extent, affected by the presence of detrital K- 

bearing components, allowing to an overall overestimation of the age. 

In order to improve the accuracy in estimating the apparent age of the fine fraction, the 

separate dating ofthe end-members ofthe different mineral mixtures of IS, illite and feldspar 

should be performed. In this way, one could estimate the contribution of one single phase 

to the “total apparent age“ (i.e. the K-Ar age of the whole size fraction) and use it for 

correction. A similar approach has been described by Hrtr.iql* nridFlisc71 [ 1989, p.2991 and 

characterizes the Illitc Age Analysis (MA) approach proposed by Pel*enr [1992, p.12521. 

Unfortunately, the separate K-Ar analysis of the ‘icoIltallliIlarlts‘) [e.g., Bu?*Iq~ n& P/isch, 

1989, p.3011, mainly K-feldspar and well-crystallized illite, could not be performed since 

it is difficillt to completely physically separate both minerals from IS. However, using the 

calibration curves for three-phase miwhires (Section 2 and 4). an approximate quantification 

of the illitic phase could be performed. Similarly to the IAA approach, the apparent age of 

two different size fractions showing a different illitc content was plotted against the illite 
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content in the sample fraction. The apparent age ofthe finest fraction closer to the apparent 

age of the “pure” IS was obtained, by extrapolation, assuming the illite content == 0 (Fig. 

5.19). Of course, a basic assumption of this approach is the linear relation between apparent 

age and illite content. Although the latter represents a further simplification, the extrapolated 

apparent age of 1s represents the younger end-member of the age range which can be 

assumed for the specifjc IS phase. The extrapolated apparent ages ofIS at Gorgo a Cerbarn 

are -90 My for both samples GC 44 and GCS 5, which are similar to the apparent age of 

both untreated and CI&treated fractions of sample GC 40 ~0.1 pm. Similarly, at Cismon 

the obtained apparent of IS is of-95 My in both samples CI 10 and 13. Finally, at Roter 

Sattel extrapolated age of sample KS 44 was calculated to be -SO My. which is similar to 

the apparent age of both untreated and CI&treated fractions of sample RS 1 ~0.1 ,um. The 

extrapolated ages indicate that the age range calculated for the finest, purest, fraction varies 

between ~120 My, approximately the deposition age of the LS, and 90-95 My at Gorgo a 

Cerbara, and 75-80 My at Roter Sattel. The higher ages of the coarse fraction at Cismon 

are probably not related to a higher content of detrital illitc and were therefore not be 

considered (see following paragraph). This wide range confirms on the one side the difficulty 

to calculate punctuated ages, on the other side it confirms the diagenetic character of IS. 

Younger ages of the fine fraction can be attributed to diffttsivc Ar-loss directly related 

to the small particle size [Cl~11rer* n11d C’lrnt~cfhzwi, 1995, p.44ffj or to the permeability of 

the host rock [Clrrtrc:t* et al.? 1996, p.35; 1997b, p.9321. The negative ordinate intercept in 

the Harper diagram confirms that at Gorgo a Cerbara and Cismon, diffusive k-loss affected 
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the finest fraction (Figs. 5.16~ and 5.18~). By contrast, at Roter Sattel the diffnsion of Ar 

in or from the finest fraction was not significant (Fi g. 5.20.~). The coarse fraction shows 

also a diffusive Ar loss at Gorge a Cerbara, whereas at Roter Sattel no signi-ficant Ar 

difkion occurred and at Cismon a significant Ar excess has been measured. In the latter 

case, the similar slope of the isochron in Figure S.18b indicates both fractions have a 

similar apparent age. The higher calculated age of the coarse fraction is due to an excess of 

4oAr (Figs. 5.18 b-c) which can be attributed to sorption of ‘4oAr by chlorite, rather than to 

an increase of the detrital illitc content (Fig. 5.17). Finally, it is noteworthy that despite the 

lithological variability between the sampled horizons, there is not apparent relation between 

diffusive Ar-loss from the IS and carbonate content (Table.5.2-5.4) as stated by C’lntw et 

al. [1996, p.35; 1997, p.9261. 

Until today, K-Ar dating of TS in Cretaceous sediments from the Trento Plateau Area, 

as well as from the Umbra-Marchean Basin, has not been reported in the literature. By 

contrast, K-Ar, Ar-Ar and Rb-Sr dating from the Swiss Prealps Gummfluh Klippc 

(Brianqonnais domain) [Coscn et rrl., 1992, p. 4421, and K-Ar and Rb-Sr dating from the 

Prkalpes Rigides [k%,rsorz et nl., 1980, p.336; Hunzikw, 1986b, p.22 1 f<j of different fractions 

of white mica, are reported. However, since each nappe and unit of the Swiss Prealps 

shows its own peculiar deformation and metamorphism history, depending on its vertical 

and latitudinal position in the Swiss Prealps nappe pile, a comparison with the data of the 

Roter Sattel section remains difficult. For instance in the former case study, different illitcs 

of Hercynian origin (300-200 My), of Late Cretaceous (SO-64 My) and Eocene-Miocene 

age (40-20 My) are reported. The former indicate the significant detrital heritage, confirmed 

in this study, the second coincide with a first, Late Cretaccous, Eoalpine thrusting of the 

Gummfluh Klippe under epizonal metamorphic conditions, and the latter coincides with 

the Mesoalpine emplacement of the Klippe and the regional metamorphism of the Prkalpes 

Mkdianes [e.g., ~MOSCII*, 1988, p.9 1; COSC~Z et ill., 1992, p.3471. The data from Roter Sattcl 

fit best in the second group of neoformed illites. However, it has to be noted that (a) all 

apparent ages reported by Costa et al. were measured in a mylonite, and (b) anchizonal 

(-280 “C) conditions where not reached at Roter Sattel as confirmed, for instance, by the 

presence of Ko-ordered IS and the relatively heavy S18O~,rb (Section 6). Hence, it is likely 

that based on the latter mentioned features and on the external (i.e. less affected by 

metamorphism; ‘Vosnr* [l9SS, p.891) position of the Roter Sattel, relative to the entire 

Prealps complex, the K-Ar apparent age range of 113-77 My indicate a Late Cretaccons 

burial diagenetic origin of the K i-ordered IS. 
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5.5.1.4. Summary and Conclusions 

The principal findings of K-Ar age analysis can be summarized as follows: 

(1) The IS phase enriched in the finest size fraction and the well-crystallized illite 

enriched in the coarser fraction represent two different generations of illitic clay 

minerals. 

(2) K-Ar analysis contirmed the detrital origin of the well crystallized illite phase 

(223- 166 My) which is enriched in the coarser fraction (>O. l-O.2 pm). 

(3) Although affected by the presence of a detrital illitic component, the IS phase 

(130-77 My) of all sections is of diagenetic origin. 

(4) Based only on the K-Ar dating, the mixture character of the analyzed samples did 

not allow the calculation of punctuated ages of illitization. 

(5) Although the finest fraction at Gorgo a Cerbara was affected by diffusive Ar-loss, 

its is unlikely that the latter occurred at the same rate. Moreover, a relation between 

“younging” of IS and sediment composition (‘carbonate content) has not been found. 

Finally, the results of K-Ar analysis on IS performed in this shady indicate that: 

(1) 

(2) 

(3) 

In a multicomponent system of K-bearing minerals, the evaluation ofK-Ar apparent 

ages of diagenetic IS using the isochron approach is strongly affected by the 

contamination rates of detrital illitic material in different size fractions. 

The recently proposed method to efficiently remove poorly-fixed K from the 

interlayer space by means of the octadecylammonium ion affects the Ar signal: 

the younger ages of C 1 s-treated samples are mainly due to the sorption of 

atmospheric 3 “Ar. 

Additional dating techniques are required to accurately focus the dating of different 

illitic phases. The Ar-Ar technique, rather than the Rb-Sr method, appears as the 

most promising, since the latter is strongly affected by sample pretreatment (Section 

7). 

5.5.2. T’EM Observations 

Observations on a TEM coupled with an energy-dispersive X-ray analysis system (EDX) 

represent a further tool in order to morphologically distinguish two or more phases of 
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Figure 5.20a-d. TEM microgaphs of the size fractions 0. I-O.? (a-b) and 4.1 pm (c-d) of 
san~ple CT 33 from Cismon (IS: illite-smectite; ILL: illite. CHL: chlorite). 
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Figure 5.21a-d. TEM micrographs of the size fractions 0.1-0.2 (a) and -“O. I j.un (b-d) of 
sample GC SS from Gorpo a Cerbara (IS: illitwxiectito; ILL: illite, CHL: chlorite). 



similar chemical composition or crystal strncture [e.g., Clctuel- et rrl., 1990 p.36; Deconirzclc 

and Chnrnley, 1995 p.3721. The EDX system provides a qualitative and semiquantitative 

chemical analysis of the selected particles and is particularly indicated when different 

xenomorphic phases co-exist. 

In this study two size fractions (~0.2 and 0.1-0.2 pm) were observed on TEM, in order 

to detect morphological differences between the IS phase, supposed to be diagenetic, and 

the well-crystallized illitic phase, supposed to be of detrital origin (Section 5.4.1). This 

difference was particularly well-detected in the finest, the ~0.1 pm, fraction. Indeed, in 

the coarse fraction illite and chlorite (detected by XRD and EL>X) show a similar shape 

(Fig. 2.20a-b, see also SchnZ&gge~* et al., 1995, p.169). By contrast, the finest fraction 

contained almost exclusively IS and illite showing different shapes. The IS particles occur 

as flake-shaped aggregates and thin aggregates show very thin isometric pseudomorphic 

particle (Fig. 5.21 a-d) [U nuer et nl., 1997a, p. 189; Whitney nnd Velde, 1993, p.2 12; 

Schnltegger et crl., 1995, p.16911). The illitic phase is characterized by thick elongated 

pseudoidiomorphic particles of larger size, and does not build any aggregates (Fig. 5.2Oa- 

b). The EDX analysis did not provide any reliable semiquantitative differences of chemical 

composition between the two phases, since the thicker detrital illitic particles showed a 

systematically higher content of all scanned atoms, and not uniquely K. 

5.6.1. Expandability of IS and Lithological Variations 

5.6.1.1. Expandability of IS and OM and Carbonate Content 

At Gorgo a Cerbara the Xo-ordered IS shows an expandability varying between 50 and 80 

%S (Figures 5.2-3). The largest variation (A%S = 30) of expandability was measured in 

the limestone-black shale-limestone alternations of the Maiolica Fm, showing the lowest 

values in the black shales. Similar low expandabilities were measured also through the IS 

and in few horizons of the Scisti a Fucoidi Fm above the LS. The coincidence between the 

low expandability of IS in the black shales of the Maiolica Fm and LS, would suggest a 

positive correlation between the illitization degree and the OM content in the sediment. 

However, the few horizons of the Scisti a Fucoidi Fm showing similar low values are 

characterized by low OM contents. By contrast, the common fcatiire of all sediments 

showing low expandability of IS is the low carbonate content (~~50 wt%). Furthermore, 



the reduced expandability was observed also in OM- and carbonate-poor layers of grayish, 

reddish and greenish color. Conversely, the highest %S values were measured in the 

limestones of the Maiolica Fm. This suggests that the expandability of IS is directly 

proportional to the carbonate content of the sediment, independently on the redox conditions 

occurring in the sediment during its diagencsis (Fig. 5.22, Fig. 5.24). 

At Cismon, the differences of expandability of IS are less pronounced than at Gorgo a 

Cerbara (Fig. 5.6). However, the differences in OM- and carbonate content are neither 

large (Fig. 4.19). The LS shows the highest OM- (7.3 wt%) and the lowest carbonate (10 

wt%, but the average values are 50 wt%) contents, but both extremes are much less 

pronounced than at Gorgo a Cerbara where, in the LS, the values are 14 wt% and 0.1 wt%, 

respectively. This may explain, why at Cismon the differences of expandability are generally 

within the error of the expandability calculation. Only few horizons with the lowest 

carbonate content show lower %S values, but it is questionable, if they are statistically 

significant (Fig. 5.22). 

At Roter Sattel, although the fluchlations of expandability oflSU-type IS are less pronounced 

than at Gorgo a Cerbara, the IS shows up to 15 %S smaller smectite content in the LS, as 

well as in the horizons with low carbonate content (~40 wt%). This confirms the trend of 

direct proportionality between carbonate content and expandability of 1s (Fig. 5.22). Finally, 

it is noteworthy to mention that the small amounts of Ro-ordered IS are restricted to the 

horizons with the highest OM- and relatively moderate to high carbonate contents. 

During preliminary investigations, the differences of expandability of IS at Gorgo a 

Cerbara and Roter Sattel were already calculated on the size fraction ~0. I pm gained from 

the decarbonated sample, whose OM was removed with H,&. The treated fine fraction 

still showed a dark color, indicating that the OM was not entirely removed. Hence, it was 

questionable whether the low expandability measured in the OM-rich sediments was due 

to the effective higher illitization degree of IS or to an inhibited swellability of IS relative 

to ethylene glycol in presence of OM. Indeed, natural clay-organic complexes have been 

described in the literature [e.g., Clementz, 1976, p.3 14, Perez KonTr-icyuez et cd., 1977, p.2481. 

Moreover, it was experimentally demonstrated that such clay-organic complexes can show 

lower cation exchange capacity and generally higher hydrophobicity [Clerncntz, 1976, 

p.3 IS]. 

In this context, it was importatlt to demonstrate if OM is still present in the interlayer 

space of IS also after a more efficient removal OM, such as the method presented in 

Section 6. Indeed, the presence of OM in the interlayer space may hinder the sorption of 
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Figure 5.22. Kclation between OM and carbonate contents ofthe sediment, and expandability of IS. 



Sectiorl 5: Clqv A4inerdogical Evolutiotl and Expandability ofillite-smectitc 111 

Kmt or the swellability relative to ethylene glycoi, resultin, 0 in an overestimation of the 

illitization degree inferred from the XRD pattern. The quantitative detection of Corg and 

Norg was performed by elemental analysis (Table 5.5), according to the method of Schroeder 

and Ingc& [ 1994, p.694] n,zd S&c&el- and McLnzk [in press], and semiquantitatively by 

ES1 analysis to visualize the location of C and N in the clay particle. For both analytical 

techniques, the ~0.1 fraction was pre-combusted according to Schroeder and MeLain [in 

press]. 

l__l SW@! -. corg (we%) io.02 

1) GC S5 0.1-0.2 pm 0.2 

2) GC S5 10.1 pm 0.16 

3) CT 13 co. 1 pn1 0.15 

4) CI 37 CO.1 pm 0.25 

5) RS 44 ~0. I pm 0.04 

6) RS 26 ~0.1 pm 0.3 1 --~II_.. - 

Table 55. Results of elemental analysis in IS after ashinp at 450 “C. 

Norg (wt%) t-O.002 -- -__ 

0.012 

0.002 

0.002 

0.005 

0.012 

0.020 

All samples show a Corg content between the lower detection limit of C (0.03 wt%) and 

0.25 wt%, which is one order of magnitude higher than the TIC values reported in IS by 

Schroeder and Iflgcr II [ 1994, p.6951. By contrast the values o-fN fixed in IS are in the range 

of the lower detection limit (0.01 wt%), with exception of sample 1 and 6 showing slightly 

higher N content one order of magnitude lower than reported in by of Schroeder and 

Ingall [ 1994, p.6941. The low values were measured although a sample mass 3x higher 

than recommended in the literature, was analyzed. 

The results of elemental analysis are cont1rmed by the qualitative visualization of C 

and N in single clay particles at moderate to high magnification. While the elemental 

imaging confirms the absence of N in the IS (Fig. 5.23), it reveals that C is concentrated at 

the edges, but not within the interlayer space, of the IS particles (Fig. 5.24). It can therefore 

be assumed that stable organo-clay complexes, with organic molecules absorbed in the 

interlayer space, were not formed [e.g., Perez Rodrigctez et nl., 1977, p.2481. It is rather 

likely that larger organic molecules were bound at the negative edges of IS (at pH “4) by 

anion exchange their OH-ends and the hydroxyl groups at the clay particle edges 

[Greenland, 1965, 17.418; Schnitser mdI;odamn, 1967, p.633ffl. 
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Figure 5.23a-d. TEM micrographs and elemental distribution oftixed C and N ofthe size fraction 
~0.1 bun of sample GC S5 from Gorgo a Cerbara. 
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Figure 5.24a-(1. TBM micrographs and 
elemental distribution of fixed C and N of the 
size fmction 10.1 pm of sample RS 26 from 
Rotcr Sattel. 
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5.6.1.2. Expandability of IS and Bulk Geochemistry 

The major element distribution provides a good indication of whether the dctrital supply 

or biogenic processes controlled the flux of specific elements into the sediment [e.g., 

Brumsncl, 1991, p.3541. A relatively low-resolution record of the elemental composition 

of different types of sediment was measured in order to estimate how strongly the differences 

of illitization degree of IS are related to the primary, detrital flux of silicate minerals. For 

this purpose, the samples were decarbonated with concentrated formic acid (in order to 

avoid an additional leaching of Fe), since the concentration of some elements in samples 

with high carbonate content (i.e. a high dilution factor) was below the detection limit of 

the XRF technique. The elemental concentrations are expressed as Element/Al ratio [e.g., 

Brumsack, 1991, p.354ffr Wbrtmnmz et al., in press.], since from the linear positive 

correlation between typical detrital elements (e.g., Ti) and Al it can be deduced that Al was 

not a biolimiting element [MUUVJJ et nl., 1993, p.t%S] at the time of deposition of the 

sediment. Hence, the extent of correlation between a measured element and Al indicates 

the extent of detrital-controlled origin of the specific element. 

In all sections, beyond Ti, also Mg, and K correlate well with Al (Figs. 5.25-5.27 and 

Fig. 5.30-32). Hence, these elements represent the deh-ital signature in both carbonate 

poor and -rich sediments. Na correlates well with Al at Gorgo a Cerbara and Roter Sattel, 

whereas at Cismon it does not show any correlation. Cr generally shows a better correlation 

in the carbonate-poor sediments than in the limestones. Fe generally correlates better in 

the limestones of Cismon and Gorge a Cerbara, whereas in the LS Roter Sattel there is no 

univocal relation. Finally, Si and P show no or an inverse correlation confirming that the 

distribution of these elements is to a certain extent biogenically controlled. This is not 

surprising, considering the direct proportionality between quartz and carbonate (e.g., Fig. 

4.15), due to the relatively large amount of radiolaria in the limestones, and due to the 

positive correlation between P and OM content. Therefore, it is also not surprising that 

typical detrital elements show similar correlation trends in both limestones and carbonate- 

poor sediments. Finally, it is noteworthy to mention that the ratios Si/Al, Ti/Al, K/Al, Mg/ 

Al, Na/Al, Fe/Al, Cr/AI, and Ni/Al are identical in the noncarbonate fraction obtained by 

leaching as well as in the bulk, whereas variations of the ratios P/Al and Mn/Al indicate 

that the latter elements are present also in the carbonaceous sediment matrix (Section IO). 

It is interesting to note, that in all sections the correlation between IS and Al shows an 

almost identical and subparallel trend between the limestones and the carbonate-poor 

samples. Furthermore. the absolute K&I content is similar in both lithologies. This parallel 
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Figure 5.25. Quantitative clay minaalogical mci nxl.jor element distribution through the Cargo a 
Cerbara Section. 
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Figure 5.26. Quantitative clay mineralogical and major element distribution through the Cismon 
Section. 
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Figure 5.27. Quantitative clay mineralogical and major element distribution 
through the Roter Sattel Section. 
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trend is confirmed by the weak scattering of the K/Al ratio through all sections, 

independently from the carbonate and OM content. In this context, based uniquely on the 

noncarbonate fraction, it can be postulated that the lower illitization degree of IS recorded 

in the carbonate-rich sediments is not due to a lower K availability in the sediment, since 

neither the absolute content nor the K/Al ratio are lower. This suggests the high carbonate 

content as a significant dilution factor controlling the absolute availability of K (and not 

relative only to the noncarbonate fraction). 

5.6.1.3. Expandability of IS and Secondary Porosity 

5.6.1.3.1. Introduction 

Mercury injection porosimetry (MIP) of 6 selected limestones and marls from Gorge a 

Cerbara and Cismon was performed to estimate the influence of permeability and pore 

space configuration (i.e. porosity, pore volume, pore surf:dce area and the ratio pore surface 

area/ pore volume) of the sediments on the illitization degree of IS. Moreover, the measured 

porosity was used to estimate the accumulation rates of Corg and Ccarb (Section 6.9.3). 

The MIP permits to measure mainly mesopore size parameters, whereas micropores 

parameters, such the pore surface area on the nanometer scale, can exclusively be determined 

by gas adsorption. Samples from Koter Sattel were not analyzed since they showed a 

significant amount of cleavage-derived cracks which would result in a high macroporosity. 

In this study, the permeability was calculated using the Carman-Kozeny equation, based 

on a simple model of nonintersecting capillary tubes [Vjdlie md Spungler, 1952, p.3621”: 

The MTP permits the direct parameter conversion of the injection pressure into pore 

size. However, it is noteworthy that in sedimentary rocks the obtained pore size distribution 

not necessarily coincides with the real pore size hecausc (a) sediments are not bundles of 

nonintersecting capillary tubes, and (b) the injection process, essentially a percolation 

process, is strongly controlled by the amount ancl the shape of channels connecting the 

with: 

C = shape factor = 0.2 [Howa~l. 1991~ p.356] 

CD = Porosity 
S = Surrace Ared Volume ratio (cm‘l) 
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pores, and not only from the pores themselves [e.g., Ln~~orz nndA4ormw, 1981, p. 14651. 

Hence, the pore size parameter includes the effective pore size, as well as the intrapore 

space size. Nevertheless, although the parameters collectedby MIP and the Carman-Kozeny 

equation represent only an approximation of the real structure of the porous medium, they 

permit a useful estimation and description of the pore space configuration, respectively. 

5.6.1.3.2. Results 

The analyzed sediments showed a porosity between 2.22 and 10.88% (Table 5.6) and a 

permeability between 0.01 and 10.14 nd. The highest porosities (10.88, 8.51, and 8.07 %) 

and highest permeabilities (IO. 14,2.2 and 1.64 nd) were associated with the lower carbonate 

content (0.34, 53.26 and 54.23 wt%, respectively; Fi g. 5.3 1 a) and corresponded to the 

lowest smectite content in IS (Figs. 5.32b-c). Within the two sections, the less carbonaceous 

samples showed a 2.5-3.6x higher porosity and a 100-1000x higher permeability. 

Accordingly, the maximum pore volume and the maximum surface area were proportional 

to the porosity. However, the ratio pore Surface Area/ Volume (s) was inverse proportional 

to the porosity, being higher in the limestones (Table 5.9). 

As previously mentioned, only mesopores could be measured, while macropores were 

not detected in any samples. In all samples the pore size distribution showed a major peak 

between 0.003 and 0.006 pm (Fig. 5.31a) and the three samples with the highest porosity 

showed a fLIrther peak in the range 0.025-0.43 ~tm resulting in a bimodal pore size 

distribution (Figs. 5.3 lb). 

5.6.1.3.3. Discussion 

Despite the limited number of analyzed samples, a positive correlation between the 

illitization degree ancl both parameters porosity and permeability was measured. Therefore, 

it is likely that permeability, which in the studied samples is inverse proportional to the 

carbonate content, represents an additional important controlling factor on the illitization 

path. 

Investigating the dcpendenco of the illitization degree from the sedimentary fabric, 

hence from the permeability, ~FcB~~R/ Cl99 1, p.3597 sho\ved that the two parameters are 

inversely proportional. His explanation ofthe apparent discrepancy was that, since massive 

and laminated shales showed very similar porosity, the ratio S and not the porosity was 

the principal physical parameter controlling the illitization degree of IS. In this study Q, 



Section 5: Clt7~1 Minemlogical Evolutim and Expunrlnbili<y qf‘ illite-srnectite 125 

10 10 0 1000 

Equivalent Pore Radius (nm) 

:Loooo 

0.3 

0.25 

0.2 

0 15 

0.1 

0.05 

0 
1 

-.._. 

- 

lb 1 0 0 1000 

Equivalent Pare Radius (nm) 

10000 

Figure 5.32. Micropore size and distribution in two samples from Gorge a Cerbara. 
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shows higher differences between the different samples and is directly proportional with 

the illitization degree (up to 3.6x, in contrast with maximum 2.1x in How~lrd [ 1991, p.357]), 

whereas the dependence from the ratio S indicates the inverse trend than reported by Howard. 

The discrepancy between these findings and Howard’s data is due to differences of lithology: 

in this study, limestones and marls of different mineralogical composition were compared, 

while Howard [ 1991, p.355; 1957, p.1451 compared sediments with similar mineralogy, 

but different fabric. Indeed, in this study the limestones contain mainly calcareous nannoliths 

with uniform particle size distribution (as confirmed by thin sections observations), and a 

unimodal distribution of small mesopores. In contrast, the less carbonaceous sediments 

contain additional larger siliceous bioclasts and quartz grains with a more heterogeneous 

grain size range resulting in a bimodai distribution of larger mesopores. 

Summarizing, in the studied sediments the porosity-derived permeability, primarily 

controlled by the mineralogical composition and component size of the sediment, appears 

to be the principal physical factor controlling the illitization of IS. Nevertheless, since the 

measured porosity refers to the compacted, lithified sediment two main questions arise 

about (a) the extent of primary sediment porosity and (1~) to the timing, relative to sediment 

compaction, during which fluid may have migrate through the pores. In this context, 

experimental compaction experiments associated with the migration of crude oil mixed 

with smectitic clays in pores [e.g., . 4qt,agi et al., 1985, p.3901 demonstrated that the highest 

extent of pore-fluid circulation and smectite dehydration coincide with the latest stage of 

sediment compaction when capillary pressure is the major controlling circulation pressure. 

5.6.2. Expandability of IS and Diagenesis 

The differences of expandability detected by XRD in the restricted sequences o-f Gorgo a 

Cerbara and Roter Sattel can not be attributed to differential burial diagenetic overprint, 

since depth-related trends are not found. 

At Gorgo a Cerbara the Ro-ordered IS showing an expandability between S5 and 50 

%S can be assigned to the “zone 1” of smectite illitization S~USL~ Ebe~l [ 1993, p.301. This 

is inferred by (a) the limited sedimentary overload of the younger sediments, (b) by the 

extent of the expandability range, (c) by the ordering of IS and (Ed) by the maximum 

temperature (=60-SO “C) inferred from the OM maturity (Section 4) assutning a 

paleogeothermal gradient of35 YJkmW [e.g., Ebcd, 1993, p.2711. In this zone, the illitization 

of IS is described as a solid state coalescence [,lhn a& Peoco~? 1986, p. 172; 1989, p.5451 

of high-charged smectite layers [e.g., HOWW et nl., 1976, 17.733; HOWW~ and Roy, 1985, 
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p.861 around K cations. The latter are partially fixed, partially re-exchangeable [Aronsorz 

nnd Howey., 1976, p.7401, as indicated by the decrease of K2O in IS after exchange with 

octadecylammonium (Tables 5.2-5.4). 

At Roter Sattel the most advanced illitization degree of IS can be assigned to “zone 2” 

ofEber1 [ 1993, p.3 I]. This is inferred mainly by (a) the decreased expandability range, (b) 

the increased illite layer ordering, and (c) the higher thermal maturity of the OM (Section 

4). In this zone, the illitization path is dominated by processes of dissolution and re- 

precipitation of newly formed more illitic IS. The fact that “zone 2” is dominated by these 

processes is attributed to a substantial decrease of pH (at temperature >80 “C) in the pore 

water. Different sources of source H are likely [Eber?, 1993, p.321. One source is related to 

the increase of organic acids anion concentrations controlled by either the enhanced thermal 

decomposition of the OM or by the thermal destruction of organic acid anions (e.g., acetate, 

oxalate) metabolizing bacteria [S~udanz et al., 1989, p.41. 

In this context, the following factors, in order of decreasing importance, may have 

controlled the illitization reaction in the studied sediments, which was apparently inhibited 

in the carbonate-rich sediments: (a) the difference of net layer charge in IS. Several studies 

emphasized the role of increasing negative layer charge in the smectite layer of IS, by 

unchanged o/OS values, preceding the illitization reaction [e.g., E1ower et al., 1976, p.733; 

Howard, 1981, p. 138ff; Hmurd arldRoJ>, 1985, p.83;Snto et nl., 1996, p.4631. The increase 

of the tetrahedral charge (beidellitization) is recognized as a fundamental step preceding 

the fixation of K. In this study, as expected, the IS with the highest %S show the lowest 

mean average charge, as inferred from the X-ray analysts of octadecylammonium- 

exchanged samples (Figs. 5. IO- 15). After the Green-Kelly test and subsequent glycerolation, 

the smectite component of the same samples revealed a tetrahedral charge ~0. 19/0,0(OH)2 

[C&et t& Proosf, 1971, p. 183]. By contrast, the smcctite layers of IS with lower o/OS 

showed a tetrahedral charge 20.1 9!O10(OH)Z. The absolute charge amounts were confirmed 

from the analyses of octadecylammonium-exchanged Li-saturated IS (Figs. 5. lo- 15). 

Finally, the glycolated K-exchanged samples conf?rmed the high-charged smectite layers 

in both low- and high expandable IS. Summarizing, these data reveal that the difference of 

charge characteristic between low- and high expandable IS is essentially the higher amount 

of negative charge in the tetrahedral sheet of the former. (b) the absolute supply of K and 

the different dilution degrees controlled by the carbonate matrix; in Section 5.5.1.2 it was 

shown that in the noncarbonate fraction, the K content is similar in all samples, regardless 

of the lithology, and that the WA1 ratio shows a constant pattern through all sections. 

Therefore, it can be excluded that differences of illitization degree are due to varying 
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amounts ofdetrital K-bearing components. This is in agreement with the results of How& 

[I98 I, p. 1411. By contrast, the varying carbonate/noncarbollate f?action ratio may have 

played a crucial role, resulting in an extent of K migration conversely proportional to this 

ratio, By contrast, a higher Al content in the carbonate-poor sediments may explain the 

different distribution of the layer charge in the smectite component of IS. Indeed, Hotsard 

[ 198 1, p. 1401 demonstrated that the Al measured in the tetrahedral sheet of smectite did 

not simply diffuse from the octahedral sheet. but has to be supplied for an external Al- 

bearing source. (c) Furthermore, varying contents of carbonate may have controlled the 

primary and secondary porosity: in Section 5.5.1.3 it was shown that the highest 

expandabilities of IS were associated with the highest carbonate content of the sediment 

and coincided with the lowest rock permeability. Permeability, rather than the pore Surface 

Area/Volume ratio was apparently a decisive porosity parameter in controlling the migration 

of K and, indirectly, the fluid/rock ratio in the pores [Hunzg et cd., 1986, p.5991. (d) 

Increasing carbonate/noncarbonate fraction ratio would increase the activity of Ca ions in 

the pore fluid. Kobemm cz& Lahnm [ 198 1, p. 1321 experimentally demonstrated that at 

hydrothermal conditions the absorption and fixation of K in smectite is inhibited by the 

presence of additional cations. The inhibitory strength of the most common cations present 

in natural sediment pore water such as Na-‘.: Ca”+‘: Mg’-!- resulted to increase in the ratio 

1: 10:30. Sorption experiments at hydrothermal conditions showed that particularly divalent 

cations in solution strongly retard the sorption of K [Ebed, I97S, p.41. Accordingly, Ho~w~d 
[ 198 1, p. 1411 demonstrated that the different expandability behavior of similar-charge IS 

from shales and sandstones is due to the higher activity of cations competing with K in the 

latter lithology. (e) Finally, while in ocean water the exchangeable cations in expandable 

clay minerals are mostly Na and Nlg [Sq?cos nr?cl illn/?gels~/o7j; 1977, p.9571, in the sediment 

Ca is the most common, whereas Na and Mg are present in minor amount. This was also 

inferred from the position of the basal reflection of untreated IS on the X-ray diffractograms. 

According to Eber*Z [ 1978, p.5; 1980, 17. 1681, by dominance of Ca cations in the interlayer 

space, a greater amount of dehydration energy is required for the absorption of K than in 

presence of Na. Moreover, Ca-saturated montmorillotrite may apparently be illitized, by 

unchanged negative layer charge, only until a threshold level of 50 S% below whose, a 

much higher negative layer charge is required to complete the illitization reaction [Ebed. 
1978, p.511. 



5.6.3. Paleoenvironmental Signature of Clay Minerals 

The lithological variations observed throughout the studied sections and expressed as 

fluctuation ofthe carbonate, OM, as well as quartz, feldspar, IS, illite and chlorite content 

reflect to a certain extent the influence ofl~aleoenvironmelltal factors controlling the amount 

and the type of deposited components (see also Section 6). Among the cited components, 

only the compositional and quantitative variation of chlorite and IS may be uniquely linked 

to diagenetic processes. Chlorite may have been an additional product of the illitization 

reaction [e.g., Hotwr et al., 1976, p.7341. On the other hand, it may grow in carbonate-rich 

sediments with Mg-enriched pore fluid, instead of IS or illite [T)eco~i7zck and Dehrabant, 

1985, ~326; Ileconinck, 1987, p.l41ff] or it may represent a product of smectite 

halmyrolisis in presence of OM [sigl et al., 1978, p.459]. As discussed in the preceding 

sections, the different illitization degree of IS can he attributed to diagenetic processes. 

However, it is likely that also the nuctuations of the chlorite and IS content were 

controlled by peculiar paleoenvironmental conditions at the time of their deposition, 

indicating that both minerals are primarily dctrital. Indeed, the evolution of the chlorite 

content through the section is independent of both carbonate and OM content, as well of 

the illitization degree of 1s. This suggests a paleoenvironmentally-controlled pattern of 

chlorite distribution. Also the quantitative variation of IS, mostly its positive correlation 

with the carbonate content has already been observed by many authors in Early Cretaceous 

sections of the Tethyan and Atlantic domain and has been attributed to primary climatic 

control on the flux of detrital minerals [e.g., Bzwge~*, 1980, p.399; Cotillon et al., 1980, 

p.737ff; Chnnzley, 1989, p.257; lkconirzck, 1987, p.140; lkoninck nm~Bernoulli, 1991, 

p. 111. Moreover, the increase of IS in Toarcian black shales ofthc Umbro-Marchean Basin 

confirms that illite-rich clay assemblages are not strictly associated to OM-rich sediments 

[Ortega-Hmrtas et al., 1995, p.407). Furthermore. concerning the differences of illitization 

degree of IS, although it could be demonstrated that in all sections the IS phase is of 

diagenetic origin, it is likely that it evolved from a IS of detrital origin showing a higher 

expandability at the time of deposition. Two arguments support this hypothesis: (a) the 

weak burial indicated at Cismon and Gorgo a Cerbara by the low maturity degree of the 

OM and a sedimentary overload restricted to 700 and 500 m respectively, although it was 

demonstrated that the residence time of IS at a certain temperature, rather than the extent 

of maximum burial depth and temperahire, is a decisive factor [P’Zdc bred Vassrul; 1992, 

p.9741; (1,) the average high carbonate content, compared to the composition of the 

siliciclastic sediments of the CWRIJG core [e.g., Hmtw et al., 1976, p.727ff-j. This may 
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explain why the results of K-Ar dating of both sections show an apparent age so close to 

the deposition age of the sediment (cf. also Burlqy and FZisch [1989, p.3091). 

The most important paleoenvironmental factors which may have controlled the clay 

mineral distribution in the studied pelagic settings are (a) the continental climate controlling 

the rate ofpedogenesis, the composition and erosion of the soil, as well as the amount of 

tropospheric clay mineral flux [e.g., Kimblirl, 1992, p.2911; (b) the tectonic activity and 

the continents distribution [e. g., Decor7incf et crf., 1985, p.3 15ffj. Both factors control the 

sea level and the circulation patterns in the ocean and, hence a further important aspect of 

clay sedimentation: clay segregation in the water column and in the troposphere [e.g., 

Gibbs, 1977, p.241, Kimblin, 1992, p.2911. 

It is widely accepted that the early Aptian was dominated by a warmer and more humid 

climate than today [e.g., Barron and lEashi?zgton, 1982, p.106; 1985, p.550; Barron et al., 

1995, p.960; Caldeira and Rampino, 1991, p.989; Herman and Spicw, 1996, p.33 I]. This 

time corresponds to the wide deposition in central and meridional Europe of mostly lateritic 

and, in a lesser extent, kaolinitic deposits [e.g., Kwwart and Konta, 1968, p.Sffl. However, 

FTIR and SEM analyses revealed the absence of kaolinite in the studied sections. The 

absence of kaolinite may be related to: the absence of significant kaolinite deposits near 

the W and E continental margins of the Tethys [Kuzwar*t and Konta, 1968, p.51, or to the 

lack of significant continental erogenic reliefs favoring the leaching of alkali cations and 

silica from soils [e.g., DeconinA et al., 1985, p.3 18; Righi et (il., 1995, p.47ffJ and/or size 

and density fractionation during the deposition of detrital minerals [e.g., Gibbs, 1977, 

p.24Off], resulting in the deposition ofkaolinite in marginal and platform settings, but not 

in the pelagic domain. Indeed, kaolinite particles have an average equivalent radius of 0.2- 

10 pm, Jepson [ 1984, p.4 141. i.e. they are larger than IS and illite and, since kaolinite is 

not expandable with water, a higher average density (2.61-2.68 g/ctn’) [von Philipsborn, 

1967, p. 13 11, than IS and illite. In this context, in the pelagic domain, climatic reconstruction 

may strongly be affected by segregation artifacts. 

Unfortunately, the absence of detectable kaolinite did not permit to follow the evolution 

ofthe kaolinite/chlorite mass ratio, commonly used as climatic proxy [e.g., Chamlgy, 1989, 

p. 1641. Therefore, the mass ratio chlorite/illite and ISiillite were alternatively used. The 

dominance of chlorite and illite in pelagic sediments is commonly attributed to the detrital 

input from continental areas characterized by low rates of soil hydrolysis: mostly from 

high latitudes with low temperatures and low precipitation and runoff rates and/or flat 

continental reliefs [cg., c’l~rr~zlq~, 1989, p. 1641. By contrast, the dominance of smectitic 

clay minerals is less univocally attributed to moderate hydrolysis rates and seasonally 
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driven temperate climate. However, the distribution ofsmectitic clays in the pelagic domain 

is additionally strongly affected by the composition of the sediment and the extension of 

oceanic crust [e.g., C’llnnzlq~, 1989, p. 1691. 

In pelagic Aptian-Turonian sequences from the Tethyan realm, cyclic limestone-marl 

alternations were interpreted as the sedimentary expression of periodic, orbitally-forced 

paleoenvironmental, i.e. also climatic, fluctuations on the Milankovitch scale [e.g., Het+e?*t 

andFischer, 1986, p.740; Herbert et crl., 1986, p.SO2ff; Ogle,sl~~ cnzdPnr1, 1989, p. 148 1 lff; 

Einsele nrld Ricken, 199 I, p.23fft cle Roe?*, 199 1, p.73fl-j. In this context, the high values of 

Willite in the limestones and the low values in the marly horizons (e.g. Fig. 5.1) [ cf. also 

Burger, 1980, p.399; Cotillon et al., 1980, p.737ff; Clmmley, 1989, p.257; Deconirlck, 

1987, p. 140; Deconimk a~? Bernoulli, 199 1, p. 1 1] are attributed to periodic fluctuations 

between an arid/temperate seasonally variable climate characterized by weak soil erosion, 

and a warmer climate characterized by higher precipitation, erosion and runoff rates, 

respectively. The presence of kaolinite in the marly facies of marginal settings corroborates 

the hypothesis of warmer and more humid climate at the time of marl deposition [Cotillorz 

et nl., 1988, p.7391. Accordingly, based on the lower IYillite ratio, the Selli Level would 

reflect a time of higher detrital input into the ocean due to higher precipitation and erosion 

rates on the continent. This scenario (cf. also Section 6) agrees with the hypothesis 

formulated by several authors [e.g., Chmley NI& Robert, 1982, p.107; Deconinck and 

Bernoulli [ 199 1, p. 141 and is supported by additional paleoceanographical and 

paleoecological evidence discussed in Section 6. 

On the other hand, the evolution of chlorite/illite shows a rather stable pattern through 

the sections except a signitllcant increase after the end of the LS. Since in the early Aptian 

an overall northward shift of the Alpine Tethys can be excluded, the increase of the chlorite/ 

illite ratio may represent the onset of a an arid/cold climatic regime or a change of the 

detrital source dominated by a similar climate. This finding is corroborated by the 

palynological data fi-om the Cismon-Apticore (Section 4 and 6) [Hochuli ef nl., in prep.] 

and from the oxygen isotope data (Section 6). 

Summarizing, since the clay mineral assemblage of the studied sections, with the 

exception of IS, is of detrital origin, it is likely that it was strongly controlled by 

paleoenvironmental factors such as temperature and precipitation, varying presumably at 

a Milankovitch frequency. Finally, also the presence ofthe IS phase with different degrees 

of illitization, although identified as of diagenetic origin by K-Ar dating, is probably the 

product of the transformation of a smectitic prccmsor of detrital origin. This can be inferred 
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from the lithologically-dependent variation of its content. In this context, the major negative 

charge located in the tetrahedral sheet of the less expandable IS may represent an heritage 

of a enhanced soil leaching occurred at the time of enhanced precipitation rates. 

5.7. Summary and Conclusions 

The investigation of the expandability behavior of IS in the pelagic sequences of Gorge a 

Cerbara, Cismon and Roter Sattel, revealed differences of expandability of IS which can 

not be referred to differential burial diagenetic processes. Indeed, the different expandability 

measured in IS did not present any depth-related trends. 

In carbonate-poor sediments, the illitization degree, calculated based on X-ray 

measurements of ethylene glycol solvatcd is higher up to 25% than in carbonate-rich 

lithologies. A direct link between higher illitization degree and the presence of OM, invoked 

by several studies on organic-clay minerals interactions, was not found. Indeed, sitnilar 

low expandability was recorded in OM-depleted sediments. but with low carbonate content. 

K-Ar dating of IS separates and a coarser fraction enriched in discrete well-crystallized 

illite, revealed the diagenetic origin of IS and the detrital origin of illite. TEM observations 

confirmed the presence of two distinct illite-bearing mineral phases. However, the calculated 

apparent ages of IS, rather close to the deposition age of tlze sediment, and a indications of 

diffusive Ar-loss, do not exclude the formation of a smectitic precursor in continental 

weathering profiles. Moreover, the K-Ar dating of IS expanded with octadecylammonium 

ions revealed that the “youngening” recorded in most of the treated IS is related mainly to 

adsorption of atmospheric “Ar, rather than to the exchange of K and Ar from poorly fixed 

exchangeable sites with a different K/Ar ratio than the mineral phase. This finding invokes 

a significant criticism on the interpretation of K-Ar data of octadecylammonium expanded 

IS hitherto reported in the literature. 

A further difference detected in the low-expandable IS was the higher tetrahedral negative 

charge of the smectitic layers in IS, related to the higher leaching of Si from the tetrahedral 

sheet. This higher negative charge, coupled with a higher secondary porosity and the lower 

carbonate content (i.e. lower activity of Ca in the pore fluid) favored the absorption and 

fixation of K in the IS. 

The coincidence between the presence of low-expandable IS and sediments showing a 

higher detrital content relative to the carbonate content, suggests that the peculiar pattern 

of IS distribution in the studied sections was controlled by primary environmental factors, 

primarily the precipitation/erosion rates and the tcmperatme regime on the continent. In 
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the Alpine Tethys, the sedimentation of horizons with a higher detrital content (mainly 

illite and kaolinite in more marginal settings) during the early Aptian is attributed to the 

dominance of a climatic regime characterized by moderate to high precipitation and warm 

temperatures. The deposition of limestone horizons is attributed to climate characterized 

by still moderate-high temperatures, but lower precipitation rates. In this context, it is 

likely that the difference of expandability and tetrahedral charge in IS are related to primary 

paleoenviromnental variations controlling the detrital supply in the pelagic domain. The 

different alternating climatic regimes were controlled by orbital parameters (Milankovitch 

cycles). 

Finally, considering the peculiar paleoenvironmental conditions at the time of deposition 

of the low-expandable IS, it is likely that the higher tetrahedral charge developed during 

pedogenesis on continent and the successive transport of the smectitic particles in the 

ocean. In this context, the different illitization degree of IS in carbonate-poor sediments 

would reflect an itz situ transformation of IS, primarily controlled by climatic conditions 

on the source area of IS. Studies on Turonian-Eocene rhythmites of the Scaglia Rossa in 

the Umbro-Marchean Basin [.l~hnss~~~ crr~! Rqwolcls, 1986, ~7.5071 show that variations of 

IS are not only of expandability but also of ordering (IS-ordering is found in the marls, Ko- 

ordering in the limestones), confirmin g the relevance of the detrital heritage on the 

subsequent evolution of TS during burial diagenesis of the hosting sediment. 
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6. HIGH-RESOLUTION 6’“C STRATIGRAP 
THROUGH THE ,,LIVELL 

6.1. 613ccarb as Chernostratigraphic and Paleoenvironrnental Tool 

During the last 20 years, carbon isotope geochemistry has been applied as an increasingly 

valuable tool in the stratigraphy of pelagic successions [e.g.. Scholle and Arthur, 1980, 

p.69; Rermrd, 1986. p. 153ff: Sclllcrll~el- &LZ~., 1987. p.373: Lirli et al., 1992, p.3761 as well 

as, more recently, their shallow-water equivalents [e.g., Jenkyr~, 1995, p. 10 1; Vahrenkmp, 

1996, p.654; Ferreri et al.? 1997, p.60; Krh, 1996> p.79ff: Hemzig et crb., in press; Wisslel 

et al., in prep.]. The long-term variations in isotopic composition of carbonate and organic 

carbon (613Cc:irb and &~%.ZCX~) revealed by these studies have been interpreted as evidence 

of perturbations of the global carbon cycle [e.g., Arthur. et al., 1985, p.515& Weissert et 

al., 1985, pS39ff; Shcrckleton, 1987, p.426ff; Schicllo~~~ski, 1987, p.57ff; L,i~?i et al., 1992, 

p.38011. Long-term (>lOO ka) shifts of the 6’%? signal with amplitudes >rlrl.S% are believed 

to reflect global fluctuations in Ccarb and Corg burial [e.g.. Bergen. and Vincent, 1986, 

p.256ff; Schidlowski, 1987, p.57ff; ‘Clreisserty 1989, p.bff; Kemp, 1991, p.300; Weissert 

and Mohr, 1996, p.40; Weissert ef crl., 1998, p. 1971. Positive excursions in the marine 

carbonate @3C record tend to coincide with widespread to quasi-global episodes of “black 

shale” deposition, the resulting organic carbon burial accelerating the transfer of the light 

12C isotope from the oceans to the sedimentary carbon reservoir [Weissert et al., 1979, 

p.15Off; Scholle andArthur, 1980, p.78; Schidlowki, 1987, p.S7ff‘I Schlanger et al., 1987, 

p.426ff; Arthur and Sagm7nrz, 1994> pS36ff; Bralower et nl., 1994, p.3571. 

In the Phanerozoic and Late Proterozoic 1 2 globally occurring positive carbon isotope 

excursions are documented (see Holser et al. [ 1995, p.66ffj for a review). 0ne of the best- 

described global carbon isotope events occurs in the early Aptian (Early Cretaceous, -122- 

120 My). It is associated to the deposition of the Livello Sclli and its equivalents. In the 

Southern Alps of northern Italy the LS is associated with a large positive shift in the 

~13C~,rb curve of up to +3% [W?isxer-t et al., 19S5. 17.537; Lirli? 1994, p.821. Similar 

positive carbon isotope excursions have also been identified in other correlative Tethyan 

sections: the Vocontian Trough [WX,rsc~~t n~cl Bre’hGret, 199 1. p. 1138; &i;7er, unpublished 

data, 19973, the Provence Platform [Krrl777t et nl., in press], the Umbra-Marchean Basin 

[Ha+, 1991; Erbnclzer et nl.. 1996. p.SOO], the Abruzzi-Campania Platform of southern 



Ttaly [Ferre~i et&, 1997, p.581, the Helvetic Alps [Fiillmi et al., 1994, p.7431, the western 

Carpathians [Lintnerov& et uI., 1997, p.3161, in southern Britain [Griicke et nl., in press], 

and the Northern Calcareous Alps [Menegntti, unpublished Diploma Thesis, 1993, p. 1261. 

Furthertnore, an apparently synchronous carbon isotope event occurs in the North Atlantic 

[Arthur et al., 1979, p.484; Lktolle et al., 1979, p.748; Clnuse~ et nl., 1988, p.49 I], in the 

Mexican Sierra Madre Oriental [Scl?olle crrdAr.t/lzrr; 1980, p.711, the Crimean Basin [awoke 

md Schlagcr, 1996, p.571, northwest Greece [G1Y?tsc11 et al., 1996, p.671, the Middle East 

[Vhl~renknmp, 1996, p.65 11: and the Pacific Ocean [JEW&W, 1995, p. 1011. 

The objective of this study was to trace high-resolution 61?C curves through the LS 

interval in the studied Tethyan sections, Gorge a Cerbara, Cismon and Roter Sattel, in 

order to improve (a) the correlation potential of isotopic short-term events and (b) the 

correlation between LS intervals from different depositional settings. The new data from 

these sections and the correlation with other sections from the Tethys Area show that 

positive shifts in the 61 %Zcarb and 613Cc~g records occurred at the onset and at the end, but 

not during, most of the deposition of the LS. Hence a revision of the hitherto proposed 

interpretation of positive carbon isotope excursions [e.g., Scholle andArthur, 19801 p.83; 

Rel;Ser CUUI Vincent, 1986, p.2521 is required to explain these observations. 

6.2. Additional Studied Sections 

High-resolution 613C stratigraphy through the LS and its equivalents has been performed 

in the sections described in Chapter 3, Gorgo a Cerbara, Cismon and Roter Sattel, as well 

as in three further early Aptian sections studied for comparison: the sections “Les Sauzi&res“ 

(Vocontian Trough), the core “KB40” (Lower Saxony Basin) and the section “Cessna 

Quarry” (Lombardian Basin). 

6.2.1. Les Sauziikes 

The “Les Sauzi&res” section (also named “Ravin de Pctignon”) is located in southeastern 

France, 40 km SE from Sisteron. It was deposited in the basinal part of the Vocontian 

Basin (Fig. 3.1). This section. and the better-described correlative section “Serre Chaitieu” 

[III-&?ret, 1988, p.35 l]. represents the best-outcropping sedimentary sequence ofthe Early 

Cretaceous “Marnes Bleues”. Both sections show a particular good preservation of the 

“Niveau Goguel”, the time equivalent of the LS in the Vocontian Basin [BnWret, 1988, 

p.350, 1997, p57ff; Bre’hkret ~rrzd Crzm+re, 19S9, p.ZOS]. The =4 m thick Niveau Goguel 
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Figure 6.1. Litliological log of the ‘.Niveau Goguel”, the LS equivalent in the Vocoatian 
Basin, from the “Les Sauzihzs” section. The lithostratigraphy is fromN~~f!hf.%~rt [ 1994. p.3071 
and the planktonic foraminifera stratigraphy has been inferred from the Cismon-Apticore 
[Premoli Silva, Ihivcrsity ofMil:tn, pers. conun., 199X] and from the La Btdoule Section. 
Vocontian Trough [Kuht et al., in press]. The distinction between green and black men&x, 
suggested by Coccioni et rrl. [ 1987, p. 1901 at Gorge a Cerbara is based on the variations of 
TOC and CaC03 throughmt the LS. 



(LS) is characterized by a high OM content (up to 6 wt%) recorded in its first horizon and 

in the upper 3 m (Fi,. m 6. I). Hence: the distribution of the OM throughout the LS can be 

compared with the patterns measured at Cismon and Roter Sattcl, and suggests a subdivision 

of the LS in a “green”- (from 0 to 2 m) and a “black member” (from 2 to 4.80 m). The 

carbonate content abruptly drops at the onset of the LS and remains constantly low (average: 

25 wt%). Only the upper meter is marked by an increase of the carbonate content up to 44 

wt%. This section is also marked by the highest sulfur contents (up to 3.5 wt%). They 

were measured in the few black shale horizons of the green member and are generally 

directly proportional to the OM content. 

The bulk geochemistry of the section is reported by Rrhllkret [1994a, p.3071. The 

mineralogy and planktonic foraminiferal composition studied on time equivalent sections 

are given by Zi’rdt~ret [1991, p.416ff, 1994b. p.S lilff]. Rr&Cret crncl Delnmette [ 1989, 

p.269ftl. The cnlcareous nannoplankton stratigraphy was performed by Her-rle et al. [ 1998, 

p. 12.5; in prep.] Wkwrt rr& %dllkr.et [ 199 1, p. 1 1351) have performed previous carbonate 

carbon isotope studies including the “Niveau Gogucl” of the Serre Chaitieu Section. A 

low-resolution record of the entire section has recently been performed by the research 

group of the Ruhr-University of Bochum, Germany (J. Veizer, pers. comtn., 1998). In this 

study, the high-resolution 61 %‘I stratigraphy was limited to the Nivenu Goguel interval. R. 

Brown, University of Newcastle-u-Tyne, provided the samples. 

6.2.2. Cores KB 40/50 (Lower Saxony Basin) 

The 3 1 m deep complementary boreholes “KR30’” and “KBSO” drilled in 199 1 are located 

in NW Germany, few kilometers SE of Hohenggelsen (Gauss-Krueger Coordinates R 35 

81 763/H 57 85 SO0 and R 35 81 200/H 57 85 175, respectively; Foil 1:25 000 3827 

“Lebenstedt-West”). The section has been deposited in the eastern part of the NW German 

Lower Cretaceous Basin (Fig. 3. I). It consists of a sequence of three late Barremian-early 

Aptian lithological units: the YYay-Blgtterton” alternation (-9.40 m in KB40, -2 1.70 m 

in KB SO), the “Fischschiefer” (-4.2 and 4.5 111) and the “HcxlbcrgeZlrr: Marls” (- 15 and 

-2.3 m). The base of the Fischschiefer, the subunit “Fischschiefer s.s.” (~2 m) has been 

interpreted as time equivalent of the Tethyan LS [L~~Y.SIXI et IIJ.? 1993, p.5; Rischqf~nnd 

Mlctter-lose, in press] (Fi g. 6.2). The ma.jor difference between this sequence and the other 

sections presented in this study is the carbonntc content: the Fischschicfer S.S. is 

characterized by a moderate to high carbonate content (SO-70 wt%), whereas the adjacent 

units show a low content (~20 wt%). Furthermore. the Fischschiefer S.S. shows a constantly 
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Figure 6.2. Lithological log of core ICE3 40 sho\vins the submit Tischschicfer s.,c.“ (stippled 
interval), the LS equivalent in the LoLver Sasony Basin. ‘I%e lithostratigraphy and calcareous 
nannoplankton stratigraphy arc from Hu~wr-r~nrl~~ n~c/ :L/lrttw/ove [in press]. The peculiar 
composition of the LS in the Lower Saxony Basin, particularly its high carbonate content5 did not 
pennit its accurate subdivision in members. 



high OM content which does not allow any subdivision in members. The average sulfur 

content is also constantly high (2 wt%) and in few horizons reaches peak values up to 9-14 

wt%. 

A detailed lithological description of the cores is given by Kmpp cm1 Mutterlose [ 1994> 

p.741ffrl. The section has been dated using calcareous nannofossils [Kcapp andMutterlosc, 

1994, p.743; H~113~twmn cm1 Mutterlose, in press; Hischofl cm1 Mutterlose, in press]. 

Previous organic geochemical characterizations have been performed by .Jendrz~jetvski 

[1995? p.53ffj and low-resolution carbon isotope stratigraphy by Lok~i [1994, p.6.51 and 

Mutterlose [ 1998, p. 17 11. Kerogen characterization has recently been performed by Below 

and Kirsclz [1997. p. lOff] and Bmcn et al. [in prep.]. In equivalent boreholes drilled through 

the same sedimentary sequence: OM analyses and inorganic carbon isotope investigations 

have been described by Rrtllktitter et OZ. [1995> p.56SCf] and Brmd [1995, p.S14] 

respectively. The samples of both cores KB4O/KB50 have been provided by J. Mutterlose, 

Ruhr-IJniversity Bochum, Germany. 

6.23 Cessna Quarry (Pusiano) 

The Cessna Quarry section (known also as “Pusinno” or “Alpetto” section) is located in 

the southern Alps of northern Italy, -10 km SW from Lecco, at the boundary of the village 

of Pusiano in an until today active limestone quarry. Tt was deposited in the Lombardian 

Basin (Figs. 3.1. and 3.2) and consists of a sequence of Maiolica limestones and the “Marne 

di Bruntino” formation [Buxy$o, 1992, p. 129ffl, the equivalent, in the Lombardian Basin, 

of the Scaglia Variegata. At the base of the not entirely outcropping Marne di Bruntino, the 

=3 m thick “Livello Selli Equivalente” (here LS) has been described by Bersezio j1992, 

p. 13 1, 1994, p.S74ff] (Fig. 6.3). The LS has an overall high carbonate content (-65 wt%). 

It is marked mainly by its dark color, although marly black shales are rare. Two “critical 

levels”, below and above the LS? are characterized by the extinction of planktonic 

foraminifera [Ber.sezio, 1992, p.129ffl. Similar critical levels have been described in the 

Apcnnines by Coccimi et (71. [ 1992, p.5281. 

Carbon isotope stratigraphy, calibrated with mngnetostratigraphy and calcareous 

nannoplankton stratigraphy has been established only in the Valanginian-Hauterivian 

segment of the section [C110121z(‘II et 01.. 1993, p.154: Lini, t994, p.601. Concerning the 

Aptinn segment. only the magnetostratigraphy has been performed [CXnrz~ell et nl., 199.5, 

p. 1281. The ~nagnetostratigraphicrtl correlation of the LSE in the Brescia Area [Clznn~zeli 

nncEE&n, 1992, p. 1771 and calcareous nannofossil data of E. Erba (unpublished in Bersezio 
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Figure 6.3. Litl~ologicnl log of the section Pusiano (or “Alp&o”) located in the Cessna Quarry near 
Pusiano (northern Italy). The litho- and biostratigraphy have been provided by E. Brba and R. Bersezio 
(UniversitA di Milano, pas. conun., 1995). LCI: Lower Critical Level: LCS: Upper Critical Level. 



[1994, p.5731) permit to correlate the LS at Cessna with the LS of the Apenninic sections. 

In this study, the high-resolution carbon isotope stratigraphy was resticted to the upper 

Maiolica-lower Marne di Bruntino. An unpublished lithological description of the section 

has been provided by E. Erba and R. Bersezio (pers. comm., University of Milan, Italy, 

1995). 

6.3. Materials and Methods 

6.3.1. Carbon and Oxygen Isotopes of Carbonate 

-Because it was not possible to separate single fossils of any size from the carbonate matrix, 

the analyses of carbon and oxygen isotopes were performed on the bulk CaC03 fraction. 

Carbonate powder was extracted from fresh cut rock surfaces with a dental drill in order to 

avoid any contamination by diagenetic calcite veins. X-ray powder diffraction (XRD) was 

used to establish that dolotnite was not present, The samples were not ashed neither by 

low temperature ashing [,le&~~s crr~l Clq~torz, 1986, p.891 nor at 375°C in order to remove 

the OM [Lini et lrl., 1993, p.3751. However, a comparison between ashed and nonashed 

samples with a TOC content 18 wt% revealed no significant difference in the isotopic 

values. The powder samples were reacted with 100% FI3POd [McCren, 1950, p.8531 at 

90°C [Swnr.t et nl., 199 1. p.9 IffJ, and the carbon and oxygen isotope composition of the 

liberated CO2 gas was measured with a Fiso~1.s Isocctl-l’l device coupled with a prism dual 

inlet mass spectrometer calibrated against the international standard National Zhll-ecu of 
Stnn~arcls 19 (NBS lo), Gaitherbur g, Maryland. The isotopic compositions of carbon and 

oxygen are expressed in the standard 6 notation in per mill relative to the Vienna Peedee 

belemnite (VPDB) international isotope standard [CoyIe’~z, 1994, p.275, 1996, p.3701, the 

working standard was MS-2 (Carrara IMarble, 6L3Chrb = +2.10%0 and 61*0= -1.82%). 

The reproducibility of the apparatus was of IfrO.OS% for carbon and 10.10%0 for oxygen 

isotope ratios. 

6.3.2. Carbon and Nitrogen in the Organic Matter 

The samples were decarbonated over 24 hours with 3M HCl. The samples were filtered 

through prc-combusted (4 hours at 450 “C) glass fibre filters (‘CYf~r,znrzr~Th’ GF/Q and 

washed with three volumes of fWi//;-Q @ double deionized water to neutral pH. After 

washing? the samples were air-dried 14 h at 105°C. The samples were combusted at 1050°C 



with a Carlo Erbcr NC’S2500 CE Instrrments elemental analyzes and the isotope ratio of 

nitrogen and CO? liberated from the combustion [Cfzi<q’, 19531 was measured with a VG- 

Optima Mass Spectrometer. A&opine (Cl ~H~~NOJ) was used as working standard to test 

the amount of nitrogen (N: 4.84 wt% +0.01%7 615N: -26.44$&AIR, 61%: -28.74c/co VPDB). 
A laboratory standard for organic carbon isotopes (s&~-g = -25.34 740 VPDB) and the 

standard Intel-i?ntiorlctlAtolllic EVIPI;~J WEAN- 1 ((NH1)3SO+ (6’5N: + O.SS%O+O. I$&),A& 

for nitrogen isotopes were used as working standard. The sample mass was controlled to 

produce always the same CO2 amount, calibrated with the amount of reference gas. 

Complementary ij13C,rg analyses were performed at the NRG (Newcastle) using a Europa 

Scientific ANCA-SL stable isotope analysis system (accuracy: 3rO.36 %o). Repeated 

measurements of the same sample with the two different organic carbon isotope analyzers 

gave identical results. 

6.4. Results 

6.4.1. Cismon and Rater Sattel 

The data of the sections Cismon and Roter Sattel are presented together, since both sections 

show a very similar isotopic pattern. The study of these two sections permitted to correlate 

the first time, by means of high-resolution 6’3C strntigraphy. two OAEla intervals of the 

Alpine Tethys [Merlegcrtti et nl., 19981. 

The carbonate carbon isotope curves can be split into tight segments (Cl-(X; Figures 

6.4. and 6.5). In both sections the mean 813C~~~rb values in the upper Barremian limestones 

(+2.0-2.8%0, C 1) progressively fall to + 1.6-2.W KC in the more marly lower Aptian 

hemipelagic facies (C2), reachin g a minimum (the lowest values measured in this study) 

of +1.2- 1.4%0 in a thin (<2 m) relatively OM-rich iuterval at the base of the LS (C3). The 

&13C~~b values then show an abrupt step-like positive shift (C4) at the lower boundary of 

the LS. Subsequently, the &13C~~~rb values remain unvaried within the range +2.6-+2.8%‘00 

for much of the rest of the LS (CS): however. toward the top of the LS interval, there is 

another abrupt step-like increase to +3.6’& (CG). This event precedes the maximum of the 

early Aptian positive 813C~~rb excursion (the “Cismon Event” ser~slr W;‘isse~t cr?zcI Liai, 

[1991, p. 1811 and W~“is~r.t ct ni., [‘1998, p.193]), during which S13C~b values of +4.5%0 

characterize the upper Ikpolciim calwizoIle (C7). The subsequent drop in &13C~rb values 

(C8) differs between the two sections: in the Roter Sattel section the values fall progressively 

to -+2.6%0 in the upper Aptian GlobiSeri~lclZoides ulgrr-irrr1lr.r zone, whereas at Cismon 
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they abruptly fall to +2.3%0 at the base of the Glohigeriuzelloi~esJerreoIensis zone. The 

presence of the extended late Aptian-early Albian disconformity in both sections [De 

Graciansky et al., 198 1. p.360; Pytl~ol~-I)r/yascllliel-, 1990, p.64; Hnble, 1997, p.S6] 

eliminates the record of a second major latest Aptian positive isotope excursion documented 

in some Tethyan sections of the southern Alps [IWssert cud L,ini, 199 1, p. 18 1; Lini, 1994, 

p.821, the Apennines [Erbnchel-. 1994, p.66: Lini, unpublished data, 1994, p. 1011, the 

Abruzzo-Campania Platform [Feveri et ul., 1997, p.581, southern Britain [Gr-ii& et (II., 

in press], the Pacific Ocean [J~rdyz~s, 1995, p.lOl]> in Greece [Griitsch et al., 1996, p.671 

and the Middle East [K~/UW&CIIIZ~~ 1996. p.65 I]. 

The structure of the 61 ~~Ccarh and ij1JC~g curves (Figures 6.6 and 6.7) is generally very 

similar, but there are some differences. In the upper part of segment C3 the ijlliGz~rb 

values exhibit a minor 0.2~0.4%~ increase, whereas the lir -iCorg values are still generally 

falling; this divergence is expressed as a peak in the AS13C value (Figs. 6.6 and 6.7), 

which is the relative isotopic difference between carbonate and organic matter [e.g., Hc~yes 

et nl., 1989, p.2967ffJ. A similar “lag“ in the S13C~g has been previously observed in the 

Valanginian [Cotilh mdRio, 1984> p.35 1: Lini et ul., 1992, p.3781. However, the S13C~rg 

signal in segment C2 is rather noisy at Cismon. and the progressive increase in A6’3C 

seen over the same interval (C2-C3) at Roter Sattei is mainly due to the steeper gradient of 

change in s13C~rg compared to @~CGW~. Indeed, because 8I%hrb is so uniform through 

segments C3, CS, and C7, the A6l3C curve generally mirrors that for S13C&g. Although 

the isotopic values are rather uniform through most of the LS (C5), in the thicker section 

at Cismon it is clear that the 813C,rg values do not stabilize as quickly as those for S~~CGI,-~,, 

showing a progressive enrichment rather than a discrete step. Also, at Cismon the A613C 

curve shows a clear (1%~) change in the upper (more frequently OM-rich) third of segment 

CS due to a slight increase in ;j13C~:~rb and a slight decrease in 6l ~CW, which precedes the 

larger change in segment C6; this feature also appears to be present in the upper half of C5 

at Roter Sattel. It is evident that C6 is much more strongly expressed in the S1?~g curve, 

especially at CismonY and the ;j13C~~~rb curve is almost a straight line from the upper part 

of C5 through to lower half of C7; furthermore, at Roter Sattel the C6 change in S13Ccq 

seems to clearly prectde that in &l?C,art> (Fig. 6.6). 

A comparison between the 813C~~~rb and 6180 curves indicates no significant covariance 

between these parameters (Fi g. 6.1s). In contrast to the 6ijC values, the oxygen isotope 

values show a more scattered evolution through both sections. Nevertheless, the 6180 

reveals similar relative trends in the Cr. blo~i and lower L. cnOri zones of both sections 

(below and above the LS), although at Roter Sattel the absolute values are generally 2-3%0 
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more negative. The 61s0 values measured below the LS vary between -4.4% and -2.6% 

at Roter Sattcl and -2.6% and -0.7% at Cismon, becoming increasingly negative up-section 

(trend 01 on Figs. 6.4 and 6.5). The LS is characterized by lower amplitude of variation 

and divergent trends: at Rotcr Sattel the 81s0 values continue to fall, whereas at Cismon 

they show a gradual shift toward positive values. The end of the LS coincides with a short- 

term drop to more negative values in both sections followed by a general long-term trend 

to more positive SlsO values (trend 02 on Figs. 6.4 and 6.5) through the positive 813C 

excursion (CG-C7). 

6.4.2. Gorge a CerbadApecchiese 

In the Apenninic sections, the lack of calcium carbonate in the upper part of the “green 

member” and the entire “black member” did not permit a complete s13C~~r1, record through 

the LS [see also Hdji, 1991; E’rbnclter, 1994, p.66; Mnrrmi et al., 1994, p.2131. 

Nevertheless, the increased resolution of the record in the remnant part of the section 

permitted to recognize, in contrast to the cited studies, a similar 8-segment pattern of the 

S~%ZU% curve (Fig. 6.8). Also the absolute values of &l-iCcn& coincide, except for segment 

C3 which shows higher values (2.0% at Gorgo a Cerbarn, 1 .2% and 1.6% at Roter Sattel 

and Cismon respectively). Only two apparent differences have been recognized (Fig. 6.8 

and Fig,. 6.9): (a) the discrepancy of trend C2 showing, at Gorgo a Cerbara, a slight increase 

of i?3Chrb in its middle, followed by a decrease and a subsequent increase at its end. 

While at Cismon the evolution of 8l%:~+, within C2 is less pronounced (the increase at 

the top of C2 was reported by OIK/J& [ 1997, p.37 11 from the Cislnotl-Al?ticore)? at Roter 

Sattel, where C2 was recorded at a higher resolution. similar trends were measured in both 

S13C signals. This suggests that the apparent discrepancy between the ;jh3~b of Cismon 

and Gorgo a Cerbara is only due to different resolutions of the record of C2. (b) The 

second difference is the incomplete record of the plateau (CS) characterizing the central 

part of the LS: while within the LS C3, C4 and C6 could accurately be correlated, C5 is 

defined uniquely by 4 values at its base, showing the same trend as described in the other 

sections, and one value at its end. However this single value (2.7%) which coincides with 

the first appearance of a carbonaceous horizon at the top of the LS confirms the constant 

values of 2.52.8% measured at the base of CS and the onset of the positive excursion 

(C6) occurring only at the end of. but not during: the L.S. A tilrther difference is represented 

by the narrow range of C7, confirming the condensed character of the Gorge a Cerbara 

section [Hcdw-t, 1992, ~261. Finally, segment CS shows the same abrupt drop of S1%Z,,i% 
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Figure 6.X. 8’Y’c~h stratigraphy and oxygen isotopes through the segment of the Gorge a Cer-bara 
section considered in this study. The total absence or the very low carbonate amounts in the “black 
member” did not permit the 6”C-, La+ record through the “black member” (dark stippled interval) of the 
LS. LCL: Lower Critical Level; LC’S: Upper Critical L,evel [Coccioui et rrl., 1992, p.5281; NC: 
“Nannoconid crisis” [Eda, 1994, p.4S9]. 
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Figure 6.9. G”Ccah and G’Torg recorcf through the LS of the Gorge 3 Cerbara section. 
The equivalent of segment C5 is characterised, in the Apennines, by a slight shift towards 
more negative S”Corg values, rather than an interval of constant values (xc also Figure 
6.10). 



Figure 6.10. I-Tigh-resolution 8’Yhg record through the 1.S oi‘the Apecchiese section. The G”Chg 
data have a better reliability than at Golgo a Cerbara, since the sediments of‘theApec&iese arc less 
weathered md covered by vegetation. 



as measured at Cistnon. 

Similarly to the previously described sections, the 8l%xg show a shifted onset of C3, 

C4 and C5, if compared with the evolution of the ??l-?Ccarh signal, generating a positive 

spike of A6l?C. The drop to the lowest values (C3) OCCLITS after the onset and within the 

green member and is maintained, with a moderate scatter, until the onset of the black 

member. The drop to C3 at CJorgo a Cerbara is also slightly shifted in comparison to the 

same segment measured in the Apecchiese section where it OCCLKS at the onset of the green 

member (Fig. 6.10). This may be associated with a further diffcrcnce between the two 

Apenninic sections: the abrupt drop of CaC03 at the base of the LS at Apecchiese, in 

contrast with the drop in the middle of the green member at Gorge a Cerbara. The values 

of segment CS are less constant than at Roter Sattel or Cismon: after the end of C4, at 

Apecchiese only few values are maintained constant at ~-24%. Subsequently they drop to 

a further constant plateau at =-2S.8%0 preceding segment C6. At Gorge a Cerbara, the low 

resolution record of &~%ZCQ confirms the trend but does not permit an accurate correlation 

of C5 between the two sections. 

Despite the low-resolution record through the L,S and the strong scattering of the values, 

both trends of &lsO, 01 and 02, are confirmed (Fi g. 6.8). The 01 and 02 trends are also 

apparent in the pre- and post-LS strata in the Umbra-Marchean data of Mrmxmi et crl. 

[1994, p.2131. 

6.4.3. Les Saw&-es 

The sections Serre Chaitieu and Les Sauzigres are the type sections of the Niveau CJogwl 

in the Vocontian, but do not show upper Barremian sediments, i.e. the sediments immediately 

preceding the LS. Hence, it is difficult to determine if the first part of the LS (O-l.9 m) 

represents segment C3, or if the latter is marked only at 1.90 tn from the base of the 

described section (Fig. 6.11). The lowest value of ??~&H+I (1.25%) measured at -0.3 m, 

the coincident abrupt drop of the carbonate content and the constant low TOC values 

through the lower part of the LS (probably equivalent to the Apenninic green member) 

support the first hypothesis. Accordingly, a similar large segment C3 has been described at 

Roter Sattel. By contrast, against this first hypothesis are the still high 61%11-b values 

measured at 0.5 m, suggesting a pattern similar to C2. Both segments C4 and C5 are well 

defined, with the only difference that the latter is characterized by higher, but almost 

constant, absolute values of 3.4-3.5s~. The top of CS is marked by a slight decrease of 

both 611iCcal-b and c\j13Gxg, similar to the drop of 81%XY~z measured in the Apecchiese 
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section. A similar decrease has also been recorded at Serre Chaitieu by tlerrle et al. [ 1998, 

p. 1251. The onset of C6 occurs at the second half of the black member and is probably 

incompletely recorded. Indeed the isotopic record of the whole section shows the highest 

values of the first peak (at 4.54.8%) of the excursion 2-3 tn above the top of the LS (Fig. 

6.12; data provided by J. Veizer, Ruhr-liniversity Bochum, 199s). Wissert and B&&t 

[1991. p.11351 described a similar pattern in the section Serre Chaitieu. 

Although it shows a lower resolution, the pattern of @%Z*rg permits a more accurate 

definition of the segments C3-C6 (Fig. 6.11). Particularly segtnent C6 is marked by a 

more abrupt increase of the values proceeding also above the top of the LS, 

The incomplete record prior to the LS and the LEL~ high scattering of the values did 

not permit to define two or more trends of 6180. The recent record perfortned by k’rdult et 

al. [in press] at La B&loule documents the presence of both trends 01 and 02. Furthermore, 

also the data provided by J. Veizer, showin, L c ‘111 increase of the values coincident with the 

positive &13C~~~rb excursion, confirtn the presence of 02 (Fig. 6.12). 

6.4.4.KB 40-50 

The high-resolution &l-iC,,,-b stratigraphy through the Fischschiefer Unit and the top and 

bottom of the adjacent units confirms a similar segmented pattern also of a 6 13C,,rb curve 

from the Lower Saxony Basin (Fig.6.13). However. the record through the Fischschiefer 

S.S. subunit contrasts with the previously described patterns. Indeed, while C2, C6, C7 and 

C8 can be recognized also in KB4WKB50, the curve range equivalent to C3, C4 and CS is 

characterized by strongly negative values of lj13C,,rb (61-iCcarb to z-9 - -115%) and its 

subdivision is rather speculative (Fi g. 6.13). The negative values are associated, also in 

C2, with the highest TOC values. The nshing of the samples in order to remove the OM 

[.le;rzkyzs a& Chyton, 19S6> p.89: hi et ~1.. 1992. p.3751 did not result in any change of 

the &13C~;,rb signal. 

Also the pattern of Ijl%Zc~rg is similar to the previously described curves (e.g., the 

shifted onset of C3) and is subparallel to the pattern of 6’ %&-b. Indeed, also the values of 

&l%Zcq drop at “C3” and are maintained negative (-29- -30%~) through the Fischschiefer 

s.s.. The major difference is marked by an increase, instead of a decrease, of 81%Z~g in 

segment CS, confirming a similarity with C8 of 61%Zorg at Rotcr Sattel. 

The absolute values of 6’“O generally are the most negative measured in this study 

(average: -4%; lowest vdues: -6%~) and show a minor scattering (Fig. 6.13). The latter 

may be due to the lithological homogeneity of the units (see Section 6.5.1.3). The onset of 
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Figure 6.12. &%xb stratigraphy and oxygen isotopes through the entire Les Sauzikes sections. The 
isotope data from above the LS and the biostratigraphy have been provided by Prof. Veizer (Ruler- 
Univerdit Bochurn. Germany, personal conimunication, 1998). 





the LS coincides with the abrupt drop of 61s0 maintained to low values of -5.5%0. The 

trends 01 and 02 can not accurately be recognized: although before the LS the values 

decrease similarly to 01, the neqtive step at the begin of the LS appears to not correlate 

with the end of 0 1 observed in the other sections. By contrast, after the LS the trend 02 is 

well defined. 

6.4.5. Pusiano 

Also at Pusiano the @3C,,,b record can be subdivided into 6 segments (C2-C7) (Fig. 6.3). 

C2 covers the main portion of the section and characterizes the “Livello Critic0 Inferiore” 

[L)uzsezio, 1992, p.1291. Segment C3 marks the onset of the LS. The latter is essentially 

described by a color change of the sediments from grcy-dark gray to black: indeed the LS 

at Pusiano is characterized neither by very high TOC values (the maximum is 1. I wts) 

nor by a drop, as described in all other sections, of the carbonate content. The absolute 

values characterizing segment C5, and preceded by the abrupt step C4, show a weakly 

scattered pattern (-2.2-2.6s~) but are reliable with segment C5 of the other sections. 

Segment C6 occurs above the LS ,s.s. and coincides with the top of the “Live110 Critic0 

Superiore” (E. Erba and R. Bersezio, University of Milan, pers. comm., 1995). C6 shows 

an increase of 613C~~~rb of -1 .S”%C up to 2.7%0, followed by an abrupt drop to <2%0. coincident 

with a drop of the carbonate content of the sediments. Despite this pattern, it is unlikely 

that the highest values represent the early Aptian positive excursion, since in all other 

studied sections the peak values were -4.O-4.7%~. Hence, the lack of further sedimentary 

recovery does not permit the accurate characterization of the carbon isotope pattern above 

the LS. 

The 61x0 values are rather high throughout the section and show a decrease, prior to 

the LS, from z-2.5- -3%~ to =-3.5%~ (01. Fig. 6.3). The lowest values of z-3.0- -3.5%0 are 

maintained through the first half of the LS and subsequently increase (02) and reach their 

highest values above the LS (-- 1.2%~). 
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6.5. DISCUSSION 

- 
Section 6: High-Resolution B3C Stratigmphy 

6.5.1. Isotopic Signatures and Diagenesis 

6.5.1.1. Introduction 

The isotopic fractionation during the precipitation of carbonate is thermodynamically 

controlled [e.g., I3qe.r et ctl., 1989, p.29651 and its extent, in the C03-HC03--C032- system, 

at least in the temperature range of@30 “C? is restricted [e.g., CWCO,^‘-C’O~ 2- = I-2760; e.g., 

Emrich et al., 1970, p.B%ff] (Fig. 6.14). This permits to consider &13Ccarb signals as 

mirroring the isotopic composition of HC03 in the water column, whose temperature 

fluctuates in the same range. 

5 

s LLJ Figure 6.14. Composite plot 
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M 
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However, fluctuating carbon and oxygen isotope \&es may reflect not only changes 

of the isotopic composition of ocean water, but also primary compositional variations of 

the carbonate particles and/or its early- or late d&genetic alteration. The latter coincides 

mainly with the thermal overprint during burial, or the syn- to postsedimentary alteration 

of the calcareous organisms and the components associated to them (OM, clay minerals, 

siliceous organisms). It is likely that a combination of burial and postdepositional diagenesis 

affected in a certain degree also the sedimentary sequences investigated in this study [e.g., 

Mitchell ct al., 1997, p.692]. 

Nevertheless, nutnerous authors have demonstrated that ;jl% variations. such as the 

early Aptian positive excursion described here. do not represent diagenetic artifacts but 



preserve original oceanographic and environmental signals [e.g., Scholle andArth+, 1980, 

p.76; Weisswt, 1989, p.2 1; Weissert md Lirli, I99 1, p. 182ff; Lilri et al., 1992, p.377; Lini, 

1994, p.168ff; Coi@id et ill., 1991, p.416; Je77ky1s et id., 1994, p.13; J~lkq~zs, 1995, 

p. 103, 1996> 17.79; Fer~r-i et nl.: 1997, p.S9]. A major argument supporting this postulate 

is the worldwide and synchronous occurrence of similar long-term anomalies of the carbon 

isotope signal, independently from the depositional conditions of the sediments. 

However, until today an accurate comparison between the high-resolution 6liC record 

presented in this study and 6°C records through other OAE 1 a sediments described in the 

literature has not yet been documented. Several reasons may explain this lack of correlation: 

(a) previous carbon isotope studies mostly focussed on long-term ij13C fluctuations and 

high-resolution 6l%Z stratigraphy was not required or technically not achievable; (b) in 

order to avoid artifact signatures due to the diagenesis of the OM and/or due to carbonate 

diagenesis associated with the presence of OM, detailed 61%h-b measurements in black 

shales were not performed: (c) generally. in the pelagic realm, black shale deposits as 

extended as the Tethyan LS are rare: depending on the depositional environment, in some 

sections also the LS is more condensed than in the sections presented in this study and (d) 

in some basinal sequences deposited below the CCD, the black shales are carbonate-poor 

or carbonate-free, hence do not allow an accut'ntc 6%~l-b record [e.g., Cocciorzi et al., 

1987, p.183; L+bnche~, 1994, p.661. The following sections will consider the potential 

role of diagenesis on the carbon and oxygen isotope signatures measured in the LS. 

6.5.1.2. Carbon Isotopes and Diagenesis 

Fluctuating and high OM concentrations and stable 61 ~CGU% values forming a pronounced 

plateau in the early Aptian carbon isotope stratigraphy. characterize the LS. This peculiar 

feature can be interpreted as (a) the product of diagenesis: accordingly, short-term &lJC 

fluctuations are generally believed to mainly reflect dingenesis [e.g., Thiersteirl nrzcl Roth? 

199 1, p.24ff1, and/or (b) as reflecting the primary composition of the surface ocean. 

It is widely accepted that the studiccl sections were in some extent affected by diagenesis: 

recrystallization of calcareous nanno- and microfossils has been described based on thin 

sections [Cismon: E1-Dn. 1994. p.492; Koter Sattel: Y~tJzo7~-I~~~I~~ls~z(ie~., 1991, p.8 l] and 

SEM [Les Sauzi&es: BrMret, 1994b: p.5 18: Lombardian Basin: Wcissert, 198 la, p.3421. 

The SEM images of the studied samples clearly indicate that in all studied sections, 

coccolithophorids almost entirely dissolved and the carbonate reprecipitated, whereas 

nannoconids were more resistant against dissolution (Figs. 6.15 a-l). In the LS dissolution 



Figure 6.15 a-l. 334 micrographs ofrepresentative portions ofselected samples from Cismon, 
Roter Sattel and Gorge a Cerbara. Extended nannofossils dissolution is evident from the poor 
preservation of any coccolithopl~orici forms (a-c, e-f, g). Nannoconids are more dissolution- 
resistant but also affected by partial dissolution (h-i). In the LS. the dissolution appears to be 
more pronounced: coccolithophorid-sllaped nannoliths are almost totally absent; the 
nannoconids are under-represented in the L,S. 



was more pronounced: although nannoconids in the LS almost extinguished, it is neither 

possible to distinguish intact coccolithophorids (Figs. 6.15 c, d, and 1). However, several 

observations support the hypothesis that the S1% “plateau” in the LS seen in all studied 

sections (C5), with a presutnable exception of the cores KB40/KBSO, is uot a diagenetic 

artifact: (1) there is no covariance between S1iC~:~~-b md S1 SOcarb (Figures 6.16~c and Q); 

covariance has generally been attributed to overprinting during early [e.g., .lenIqms, 1974, 

pZ8ff] or burial diagenesis [e .g.. ,Jenkys nrlrl Clqto/r, 1986, p.95; .Jukyn.s, 1996, p.80:], 

although covariance has also been measured in individual organism species [S~XYO md 

Len, 1996, p.237]. It is noteworthy that this lack of correlntion concerns the whole section. 

Only the Vocontian section shows a slight positive correlation [Fig. 6.16d). already pointed 

out by Wkse~f cmdZ?rdk‘r~t [ 199 1, p. 11361 indicatin g a more pronounced burial diagenetic 

signature. The latter may also explain why the absolute SliC values of segment CS are 

generally higher at Lcs Sauzikes than in the other sections. (2) The uniform &13C values 
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Figure 6.17. ij’3C~arb -6’T’ory plot conkming the covariance of both carbon isotope signals. 

in segment CS OCCLK in both the carbonate and OM records. Throughout the entire studied 

sections S13C~atk and ?J~~%x~ show a parnllel evolution (Fi g. 6.17 a-d). Although the 

SI-?Ccq values generally show :I larger scatter. the early Aptian positive shift is interrupted 

at the LS by the onset of constant to slightly more negative values. The positive correlation 

between ?il-?Ccarb and S1%Ikq improves with increasing resolution of the s13C~~g record. 

Hence, it is very unlikely that postdepositional processes altered the Ij~3Ccarb and S1%krg 

signal at the same rate and magnitudes since the diagcnetic processes affecting Ccarb [e.g., 

1nt:h et 01.. t 977, p.XBffl and the Corg [e.g., FT;-r~e,c. 1993, ~1231 do not strictly coincide 

[iyrzoll et nl., 1986, p.S35]. At the onset of the LS (C?) the patterns of both signals are 

similar although time-shifted, but it is unlikely that this shift represents a diagenetic artifact. 

(3) Diagenesis (oxidation) of the OM may affect 81%k~t~ [e.g., I~w?~z et al., 1977, p.213; 



K&pert, 1982, p.493ff; Jenkyns arld Clayton, 1986, p.9S, Kaiswell and Bemer, 1987, 

p.8551: during oxidation of the OM, “C-rich CO:! is released into the pore water, leading 

to a ‘%Z-enrichment in the dissolved pore-fluid bicarbonate. Reprecipitation of calcite in 

equilibrimn with this bicarbonate would result in a highly “C-depleted 813C~~~l~ signature. 

The efficiency of this process is directly linked to (a) the availability of oxygen (to oxidize 

the OM), (b) a relatively high porosity (permitting pore-fluid migration) and (c) high pore 

fluid/ carbonate and OM/ carbonate ratios. It is proved that also in apparently oxygen 

depleted environments, oxygen is available (in sulfate, phosphate or nitrate anions? interlayer 

water of clay minerals) [e.g.. Peder-scrl am1 Cal\~ert. 1990, p.4571 and may oxidize the 

OM. Furthermore, the ichno- and palynofacies, as well as the biomarker data [RI-own rt 

al., in prep.] indicate that the conditions in the LS varied between dysoxic and strongly 

dysoxic, but not strongly anoxic. However, it is unlikely that in uniformly fine grained 

calcareous mudstones the primary porosity was high enough to allow penetrative diffusion 

of 12C-rich fluids throughout the sediment (see Table 6.5.). Furthermore, the relatively 

high carbonate/TOG ratio (>7:1) in the LS [e.g., Scl~ollc am1 Arthr, 1980, p.751 and, 

additionally, the lack of an inverse relationship between TOC, CaC03 and 81%,& (Figs. 

6.18 and 6.19) [Jenkym CUZC/ Claytoll? 1986, p.911 argue against a diagenetic artifact. (4) 

The LS is too thick for postdepositional li7omogetlizntion by bioturbation, and levels of 

mixing are likely to have been minimal in the black shale fncies where lamination has 

been described in several sections (Figs. 6.6 and 6.7): (5) Thermal overprint has not 

differentially affected the sediments within the sections. During burial diagenesis both 

isotope signals of Garb [Emrich et al., 1970, p.366ff-j and Cop [Sclzidlowski et al., 1983, 

p. 1571 tend to become heavier with increasing burial temperature [AS~%X%: +0.035%/ 

“C, Enzriclt et nl., 1970. p.3681. Particularly 813C~g is affected by temperature because of 

its heterogeneity: temperature may cause preferential loss of labile functional groups, 

preferential rupture of “C-‘“cl bonds and preferential loss of lighter compoundsY e.g. lipids, 

during dehydrogenation of the OM. However, local early or burial diagenetic influences 

can be excluded because the structure of both 61% chives is very similar in sections 

despite different depositional environments [Pytlzorl-nrllllrscltripl-, 1990, p. 143;WGsser-tame 

Lini, 1991, p.181; Cresta et ~1.. 1989, p.23ff; Brt%&et , 1988, pJSOffJ? different burial 

histories [Borel, 1995, p.30 1; C~~~~stn et (II., 1989, p. 1 lff], and different sedimentation rates 

[e.g., Her-bert, 1992. p.261. 

The very negative 813C signal through the Fischschiefer S.S. of the cores KB4O/KIHSO 

may suggest &genetic alteration. The onset of the subunit coincides with an abrupt drop 

of both s13C~:~~-b and ij1%Z 01g values to extremely negative values (from 2 to -7-l 1.5% 
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and from -24 to -29-30% respectively; Fig. 6.13) which can apparently not be explained 

with a primary process of equilibrium between calcareous organisms and the sea water- 

atmosphere system. Additionally, also the 6’“O wlues show a decrease from -3 to -5%. 

However, the conservation of delicate (K, Von Salk E’I’H-Zurich1 pers. conm., 1998) 

species of coccoliths [&up]> mci M1Ifterlose, 1994, p.747 1 and the poor compaction of the 

samples suggest that the calcareous nannofossils have not been intensively dissolved during 

diagenesis and that the pore-fluid pH was >7. The high sulfur content, fixccl as pyrite, and 

its inverse proportionality with Sl%mb may indicate that the isotopic signals of carbon 

and oxygen were controlled by bacterial sulfate and Fe reduction (resulting in a pH increase 

of the pore-fluid; e.g., Curtis, [ 1980. p. 1911), and oxidation of OM [e.g., Colmm mci 

Rniswell, 1981: p.331ff; Sms et ul., 1991, pS41: Saclm et ul., 1996, p.106ff; El Alhmi, 

1995, p.77ff]. Similar negative ij~%Zcmb values associated with high OM contents of the 

sediments have been reported in the literature [e.g., Colcr~rcrrz and Rniswell, 198 1, p.33 1 ff‘; 

Jenkyns mcl C~N~IOII, 1997, p.6991. However, the strong shift of (s13Cmg can neither be 

explained by preferential thermal diagenetic overprint (leading to more positive values) 

nor by the influence of sulfate reduction. An alternative interpretation of the isotopic 

signatures measured in the Fischschiefer S.S. (i-i’ 3C,;u+~, 8l%krg and S”O) invocating the 

peculiar I?aleoenvironmental situation of the Lower Saxony Basin during the early Aptian 

will be provided in section 6.5.6. 

6.5.1.3. Oxygen Isotopes and Diagenesis 

While diagenesis apparently did not influence the structure of the 813C curve, different 

burial diagenetic conditions may result in different 8180 values. The major arguments 

supporting this hypothesis arc (a‘) the high-frequency scatter measured in all sections, (b) 

the different short-term patterns between the sections, and (c) the different absolute values 

of 6180 between the sections. 

The oxygen isotope composition of carbonate is generally more susceptible to diagenetic 

alteration than the carbon isotope distribution. In the water-calcite system the fractionation 

of oxygen [Bottinga, 1968, p.806; Em+iclz et nl., 1970, p.3681 is more temperature sensitive 

than the fractionation of carbon [Em-ich et al., 1970. p.370: F-~ZU/SOII~ 1977: p.64Offl. This 

phenomenon makes oxygen isotopes useful for ocean paleoteinperature estimations {e.g., 

Sm:h, 1977, p.327ff]. but renders their accurate interpretation. in the study of lithified 

sediments, difficult [k?uclsorl, 1977. p.645; Cor~i’ei~l, 1995. p.29f’Yq. Accordingly, for instance 

a positive correlation between the decrease of the 8180 values and increasing depth (and 
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temperature) of burial has been pointed out by several authors [e.g., Matter et al., 1975, 

p.895; McKenzie pt crl.? 1978, p.4771. 

The sediments at Roter Sattel and Les Sauzi&es show 6’“O values generally more 

negative than at Cismon, Gorge a Cerbara and Pusiano, suggesting a greater thermal 

overprinting during sediment burial [e.g., McKm.zic~ rt crl. t 1978, p.477; Marl-shrill, 198 1, 

p.216; Weisserf, 1989, p. 171. At Roter Sattel (St”0 values between -2.5 and -4%) the 

more intense burial diagenesis [Ll(ol-ei, 1995, p.3091 is attributed to the buildup of the 

nappe pile during the Alpine orogenesis [e.g.. Sfcimpl!f7i md klcirtlder, 1990, p. 176fti 

Jrrhoyedqf LUZCI T/wlin, 1996, p.S79]. Further geochemical and mineralogical evidences 

are: (I) a stronger tectonic cleavage of the marly facies (Fig. 4.31). (3) the presence of 

nutnerous calcitic veins indicating dissolution and reprccipitation of CaCO3 (Fig. lO.J), 

(3) the higher thermal maturity of the OM SLI ggested by a mean Enax of 440°C that is up 

to 17°C higher than at Gorgo a Cerbara and Cismon despite a similar range in hydrogen 

index [Section 4: BWWIZ et ~11.> 1994, p.3 1; I+~NYZ et rrl., in prep.], and (4) the presence of 

highly ordered diagenetic IS mixed layer minerals (IS-IX) in contrast to randomly ordered 

IS in the other sections [this study; Menegntti mm’ Nz’ic~sctz, 1997, p.501. 

Considering the burial diagenetic overprint, in the Vocontian sections the maximum 

sedimentary overload was ~700 m according to BrPlzdwt et ~1. [1986. p. 1431 and Brkhkret 

[ 1988, 35Offl. Using the equation of E1-ez nlzcl Lx [ 1983. p. 10271, assuming a mean ocean 

water &I”0 value oY -1% [Fricclerm~l crrzcl O’Neil, 19771, a geothermal paleogradient of 

3S”Ckm’, constant sedimentation rates within one formation [Kilhgley, 1983, p.S95], 

and total recrystallization of the carbonate particles, the 6”O values measured at Les 

Sauzikres correspond to a calculated overload of 820 150 m which is higher than the 

maxitnum overload of 700 m predicted in the literature. This suggests an incomplete 

recrystallization of the sediment or the influence of ” O-depleted fluids as assumed for the 

diagenesis of the Fischschiefer J.s.. Partial recrystallization of the limestone-marl alternation 

in the Vocontian sections was confirmed by a detailed study of BrPhkret [ 1994b, p. 1851. 

By contrast, assuming the same mentioned parameters, the 6’“O values at Cismon (average: 

-2.0%) would correspond to a sedimentary overload of -500 +50 m which is a realistic 

estimation for the Trento Plateau. Also the 6’“O values calculated at Gorgo a Cerbara 

(average: -2.2%) approximately coincide with the predicted overload of 650 m [Crests et 

crb., 1989, p.26ff]. Finally. the values measured at Pusiano (average: -3.3%) lead to an 

underestimation (calculated: 800 m) of the effective maximum overload of 2.0-2.5 km 

estimated by Bichsel nml Hiir-irzg [ 198 l? p.396ffJ and Bemerio n?d Fornacic~ri [ 1994, 

p.835ffl. Concludin g, the increasing burial diagenesis can explain the overall negative 
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shift of the absolute 6’“O values, although the inverse proportionality between this two 

parameters is not necessarily always confirmed. This was demonstrated also by Lhri [ 1994, 

p. 15 I], who studied homogeneous Valanginian Maiolica limestones. Hence, the 6’“O values 

reflect a mixing signal between primary llonrecrystallized nannoliths, recrystallized 

components, and cement (Fig. 6.20). 
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Figure 6.20. Also in the studied 

0 
sections. the isotopic signal of oxygen 
and carbon represents a mixing signal 

tg 

2 

resulting from the repecipitation of 
carbonate from different partially 
dissolved nanno- and microfossils. 
Nevertheless, the rather stable isotopic 
values of carbon similar to the values 
measured in living calcareous 
organisms indicate that the 
repricipitation of carbonate occurred 
in a almost closed system. However 
also in such a system the larger 
availability of oxygen probably 
resulted in more scattered 6’Q values 
[slighlty modified after RU~IMPT NIKI 

I-zcillson, 1990, p.31341. 

However, burial d&genesis does not explain the high-frequency scatter of the values 

throughout the sections. The latter may be due to compositional variations occurring both 

in the sedimentary sequences and in single horizons. Indeed, repeated tneasurements within 

the same horizon demonstrated that Lvhile the 61 %ILYU% signal in dark burrows fills and in 

the matrix remains constant, the li’“O in the burrows is up to 0.3% more negative (Table 

6. I). As already mentioned, oxygen is present in the pore-f-?uid in a much larger amount 

than carbon. due to the presence. beyond the dissolved gas and water, of oxygen-bearing 

accessory minerals such as quartz and clay minerals. Hence? approximately a three order 

of magnitude minor pore-fluid/ sediment ratio is necessary to reach isotopic equilibrium 

between carbonate and pore fluid [Banner crllrl ICJLIIIXIII. 1990, p.3 1301. In this context, the 

li&ter 6’“O signal in the burrows may reflect enhanced porosity of the sediment during 

early diagenesis, Furthermore. it would be expected that also in the presence of a reduced 

porosity, in carbonate-poor (silicate-rich) sediments the achievement of isotopic equilibrium 

during partial recrystallization of the nannoliths woulci be favored. However, the data 
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Figure 6.22. Relation between the total clay content, the IS content and (c’sO in the LS showing a slight 
positive correlation between increasing IS content and increasing 6!“0 of the bulk carbonate matrix. Only 
the LS interval was selected, in order to avoid the intluenco of possible environmental signatures of SW 
(trends 0 1 and 02). 

from the studied sections confirm a slight positive correlation between decreasing carbonate 

content of the sample and increasing 6”O values only nt Cismon (Fig. 6.2 1). Accordingly, 

model calculations of Killingely 11983, p.8961 do not predict any correlation between 

carbonate content (between 10 and 90 wt%) nnd 6’“O. 
-I -~.-..-~ _..... -- .-___. 

Sample Description 

3: O.M%o 1c 0.1% -..-~...I ._.. ~ I -..---- . ..-.. --- ----.----._. -. ---. --.. _“-.--- -.-_.- ~. 

KS44n light-prey micritic matrix. bnrroacd (“bulk”) (Fig. 10.6) 3.377 -2.563 

KS&b 3 mm thick (diapcnctic) uhitc cnlcitic vein (Fig. IO.61 3.455 -9.638 

RS44, _______. tlark grcy c~lay-Ohl-rich stvlolite (Fi-. 10.6) -.--A. --i‘_. ___- m?L---.~-.-~ -3.694 
-7 CI4Xa light grey micr-itic matrix;. hrtrrowcd (“bulk”) (Fig. 10.5) ?.S84 -0.733 

C14Xb dark grcq’-black burrow (I$. 10.5) 3.973 -0.973 

C14SC __.-.-. black OM-rich lamina (5 mm) (Ficy. 10.5) ~.. ..-~ .~ - ._.~_ .--L 3.887 A------ -0.716 .~_-~.--- .-~ -_-. 

Table 6.1: Compxison of carbon and oxygen isotope data tiom three different sites of the same sample 
(Rater Sattcl RSlJ and Cismon Cl 48): effect of biotnrbntion. 011 and diagenctic calciGc veins. 



A better correlation was found in the LS of Cismon and Roter Sattel between increasing 

IS-content in the sample and decreasin, 0 Cc’“0 (Fig. 6.22c-d). This is in agreement with 

laboratory experiments showin g that in presence of clay minerals the achievement of 

isotopic equilibrium can be hindered [B~kei- et [?I., 1982. p.78ffl. Since it appears to not 

correlate with all clay minerals (Fi g. 6.22a-b)Y this phenomenon may be related to the 

sorption capacity of swellable IS: hence to the hindered fluids-flow resulting in the isotopic 

equilibrium, and supports the hypothesis that swellable phyllosilicates may play a crucial 

role in the pore fluid composition [e.g., Lffw:re~zcc, 1973, p.897; YeA fmd Snviu, 1976, 

p.1328ft-J also at low temperature [c.g.. Clnuer- et al., 1990, p.45; Tribble and Yell, 1994, 

p.2211. 

Summarizing, the high scatter and the variations of the absolute values indicate that the 

&lx0 signal has been more affected by diagenesis than 6°C. Nevertheless, it can be 

concluded that the long-term trends 01 and 02, systematically recorded in sediments of 

different composition, do not represent a diagenetic artifact. 

6.52. Correlation with other Excursions 

652.1. Introduction 

This study has documented two characteristic features of the early Aptian 613C curve: (I) 

the trend to more negative 613C values prior to the positive excursion at the onset of the 

LS (C3) and (2) the step-like character of the positive excursion resulting from the 

stabilization of the values through the LS (C5). A survey of the literature confirms that 

temporary stabilization or significant kinks in the 81%Z gradient during other major positive 

excursions appear to be common (Table 6.2). regardless of whether or not they are associated 

with black shale episodes. Furthermore. also the negative trend prior to positive excursions 

is a rather common feature (Table 6.3). Both trends have been recorded but never 

expressively described and interpreted in the literature. Probably because of the lower 

resolution adopted in precedent records, the patterns of segments C3 and CS have not 

been considered as stratigraphicrllly significant. 

In the following sections some significant examples from different ages and 

paleogeographicnl areas are presented. The comparison between the results reported in 

the literature and the record of this study will contribute (a) to demonstrate the stratigraphic 

significance of the isotopic events C3 and CS and (b) to improve the understanding of the 



paleoenvironmental and paleoceanographical conditions occurring during the deposition 

of the LS and its equivalents. 

652.2. Aptian 

Most of the early Aptian 61% stratigraphic records showing constant values at the time of 

the major positive shift are from the Tethys Area (‘Table 6.2). The only record outside the 

Tehyan Reahn from the Pacific Resolution Guyot [JCWKJXS, 1995, p. lOl] shows a similar 

pattern. However, since it represents a shallow water facies settin, c 0 *Ind the overall resolution 

at the time-correspondent interval is not high [see correlation in Fermi ct al., 1997, p.601, 

the correlation with the Tcthyan records can not be assured with accuracy. 

It is noteworthy that while some records are related to the deposition of OM-rich 

sediments [this study; Er-lt)ncl~, 1994? 13.66; Livrfvvevmfi, 1997, p.3161, other do not present 

any black shales at the correspondent time [ill.tlrllr et al.,, 1979, p.48 1). Furthermore, the 

constant values of CS have not only been rccordecl in pelagic or hemipelagic settings [this 

study; Erlmcl~cr, 1994, p.66; Livvtvletut~il, 1997. p.3 15; n?ThLrr et al., 1979, 1x484: 

Vtzhrenkanzp, 1996, p.6561 but also in shallow water, platform facies [Ferrer-i et aI.. 1997, 

p.58; WLzgncv, 1990, p. 130: Ibhv-mkmp, 1996. p.656, Fig. 6.231. The intrashelf hasin- 

basin correlation performed by Vrrl?rtcnknnlp [ I996. p.6.541 on Arabian Shelf’ sequences 

clearly showed that despite its variable thickness (5-S5 m) segment CS can accurately be 

correlated. 

Finally, a large number of early Aptian records, performed also outside of the Tethys 

Area, shows a peculiar and rather short shift (of --I .O - -1.5%) to more negative values 

preceding the major positive isotopic gradient of the excursion ((23; Table 6.3). 

6.5.2.3. Late Devonian (Frasnian-Famennian Boundary) 

The “Kellwasser Event”, an extinction event? [e.g., Hmsc, 1985, p. 17fl‘; McGl1re et crl., 

1986, p.7761 is dated as Late Devonian, at the Fr~lsni3I1-FamenniaII~rl-F~~t~~en~lia~~ boundary. It coincides 

with the. deposition of two major <l to 30 cm thick black shale and bituminous limestones 

horizons, the “Lower” and “Upper Kellwasser”. which arc recorded in NE-Morocco, the 

Harz Mountains in Germany, in the Austrian Carnic Alps? in the French Montaigne Noire, 

in Belgium [Md~lwe ef ~1.. 1986. p.777; Jond~itvtski rmd B~rggisclt. 1991, 11.6761. as well 

as Australia and Canada [Celtl.ret:7er-, 1996, p.601. The top of both Kellwasser horizons 

(upp et zn ut orvvzis and lower tviavvgrrlcrv~is conodont zone respectively) is characterized _ 1. &y :/ 
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by the peak values of a positive excursion recorded on both 61%Ikarb and s13Cmg signals 

and ranging ~-3 and +2.5% respectively [Jotlchir~rski md BLlggisch, 1993, p.676; 

Geldsetzcrr-, 1996, p.60; Joachi~~ski, 1997, p.1361. A prolonged period of anoxia 

corresponding to the “Upper” horizon has been postulated as the major ca~xse of the marine 

fauna1 extinction event. The anoxin would have been triggered by short-term transgressions 

leading to the formation, at low latitude, of warm and saline waters in the flooded 

epicontinental shelves. The warm and saline water ~nxses sank and became more depleted 

in oxygen towards higher latitudes leading to anoxia iu the region with high oxygen (i.e. 

productivity) demand [Jmcllir~.ski mci Bl~ggisch. 1993, p.6771. However, the positive 

61%21rb excursion, e.g. in some parts of the Canadian Jasper Basin, is also associated 

with well oxygenated sediments [Geltls~t:e~-. 1996. p.601. 

Most of the reported records are characterized by a marked kink of the S13C values at 

the time of the major positive gradient of both excursions. In the sections with the more 

expanded Kellwasser interval, there is a strong coincidence between the kink of the 6’3C 

curve and the black shales [Joacl~irmki md Brrggisch. I 993, p.6761. Furthermore, the 

onset of the positive excursion is characterized by an abrupt decrease (up to =-1.(X&) of 

813C coinciding with or immediately preceding the onset of the black shale horizons. 

6.5.2.4. Jurassic Records 

The Jurassic isotope records have generally not yet reached the resolution necessary to 

distinguish short-term variations, with few exceptions. One of the best studied isotopic 

events is the Early Toarcian positive excursion, occurring in the ,~~lc~c$~~~m anmonite 

zone, related to a widespread deposition of black shales (Early Toarcian Anoxic Event) 

[Jemkyns, 1988, p. 103ff; h”nrtoli?li et 01.. 1996, p.829, for an overview:]. The excursions 

described in the literature have no step-like character. However in all records a negative 

shift (C3) prior to the main excursion (tclllricost~rtlall zone) has been reported. In some 

sections it is related to OM-rich horizons, whereas in other it is related to red, well- 

oxygenated, sediments. In the former case, segment C3 has been interpreted as a diagenetic 

artifact, in the latter case as a product of increased oxidation of OM and release, of “C in 

the water colutnn [~mL~~~.s nm/ CIq&m, 1986, p. 1001. 

6.5.2.5. Valanginian 

The Late Valanginian positive ii13C event and its stratigraphic significance have extensively 
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ItGgure 6.23. Correlation between the rj”C’cxh dnta from C’ismctti. the transitional setting of 
Well Al (Shah Basin, Arabian Shelf:~hhrer~knmp [ 10%. p.65 11) and :I platfhrrn setting 
(Monte liaggeto. Abruzzo-C~~rnpnr~ia Plntform. Ferreri et al. [ 1097, p.58]). Both records reported 
from the literature permit the correlntion of segments C3 and C5. The carbon isotope datn of 
Monte Raggeto were courteously provided by L. Wissler (ETI-1 Zurich, 1998: Wissler et al., in 
prep.) The g. lay points indicate n probable diagenetic overprint. 



been described and discussed by Lini et al. [ 1992, p.3771 and Lini [ 1994, p.48&3 in the 

Southern Alps of northern Italy and by Krtl~l [ 1996. p.79ff] in the Hclvetic Realm. A 

positive correlation with DSDP Sites records from the north Atlantic and north Pacific 

could confirms the global character of the V&nginian carbon isotope event [Lirzi et trl.? 

1992, p.3801. In some of the sections documented by Lilli [ 1994, p.S9ffj, the maximum 

gradient characterizing the positive excursion (S*-?C,al-b from -+I to -t-2.5-3.0%) is 

“interrupted” by a kink or a trend to more constant values (at -+-2.0-2.2%). This kink was 

measured in basinal sections of Polaveno (Fig. 6.24). Pusiano. Capriolo (Lombardian Basin) 

and the shallower setting “Valle Aviana 1” (Trento Plateau). In the cited sections the presence 

of the kink is related to OM-rich horizons and may be caused by diagenesis of the OM. 

However, a similar isotope pattern has been measured in a section of the Trento Plateau 

depleted of any black shale horizons (Valle de1 Mis 1; Lini [ 1994, p.661). Also the detailed 

correlation between the S1-?C~~rh record of marginal and basinal settings from the Vocontian 

Basin, and the basinal Capriolo section (Lombardian Basin) supports the presence of this 

peculiar pattern in the Vocontian Trough [E1Tc~i,q et ~71., in press]. Indeed, although the 

pattern of the marginal “Pant de Carajuan” sequence is more expanded, a trend to constant 

values can be recognized in the Cnnyyloto.nrs /‘.I?. ammonite zone (“Marnes B Toxaster” 

ammonite horizon) which is not significantly enriched in OM [Hemig et al., in press]. 

Detailed records from the northern margin of the Western Tethys, e.g. the Betic Cordillera, 

the Carpathians, and the Hclvetic Alps, confirm the stepwise evolution of the positive 

excursion [e.g. Kuhn, 1996, p.951. In the latter area. segments C3-C4-C5 coincide with 

extended deposition of phosphoritic and glauconitic sediments. Finally, a similar trend to 

constant values has been measured in both ;j~%h% and SI~?hg signals of DSDP Site 535 

(Gulf of Mexico) by Cotillm rrrlrl Rio [ 1984, p.35 1 ] and E)c?ftorl et 01. [1984, 1-1.4221 

respectively. Tt is noteworthy that. considering the different sedimentation rates calculated 

for the Southern Alps sections [Lhri. 1994, p.901, the duration of the “kinkk’ is estimated to 

300-50Oka and is therefore similar to the duration of CS in the LS. 

Similarly to the early Aptian isotope record, also the Late Valanginian curve shows an 

abrupt trend to negative values preceding the onset of the positive excursion [C&l1071 t& 

Rio, 1984, p.351; Lini et al.. 1992. 12.378: Ftillmi et ul., 1994. p.743; Hemig et rrl., in 

press]. 

6.5.2.6. Cenomanian/ Turonian 

The Cenomanian-?hronian positive 61 -?Z event is one of the most complete documented 



Section 6. High-Resolution 6’jC Stmtigraphy 179 

Figure 6.24. ij”Ccarb, 8”Corg stratigraphy and oxygen isotope data through the Polaveno section 
(Lombardian Basin, ~~orthern Italy) showing the Valangininn positive carbon isotope excursion. Note 
the time shift of the onset of segment C-3 between carbonate and OM signal. Redrawn after Lini et al., 
[ 1992,p.379], the data arc from L,ini [ 19941. 
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records, since its has been described in detail from different depositional areas. The positive 

excursion is characterized, in a time-calibrated scale, by a short (1.2Ma; Arthur. et al., 

[19%X, p.7141) and sharp peak of -+1.5-.2.S% in both I~~%ZGU% and ijl-?C$ (marine and 

terrestrial OM) signatures [e.g., Corfield et al., 199 I, p.416: Jem$:ns et al., 1994, p.5; 

Voigt nrd Hiibrecht, 1997,17.41; Hc1seg~~c1, 1997,p.263]. Also in this excursion, an interval 

of constant values [Hayes et al., 1989, p.2963; Gale et rrl., 1993, 11.30; Jenklws et 01., 

1994, p.14; Hill?recht et al., 1996, p.238;Voigt nrd Hiihwcltt, 1997, p.541 or a trend to 

more negative values resulting in a marked kink in the main positive gradient has been 

measured in the tipper Cenomanian (upper R. cztsl~~rli foraminiferal zone or upper C. 

guernnger-i ammonite zone). Accordin g to some authors. the positive excursion is 

synchronous to the deposition of OM-rich strata of the Cenollz~llliar~-Turoniall Oceanic 

Anoxic Event (OAE 2) [e.g., Arthur et nl., 19%. p.7151. By contrast, the high-resolution 

records performed by other authors locate the major excursion at the end or immediately 

after the deposition of the black shale horizon knows, in central Italy, as “Livello Ronarelli” 

[Erhacher, 1994, p.68: .Ic?r&~s c,t 111.. 1994, p.141. The latter coincides, like the early 

Aptian LS, with a time of stabilization of the isotope values. However, the constant values 

occur also in sections were OM-rich strata are absent [I-lny~s tjt nl., 1989, ~2963; Voigt 

and Nilhrecht, 1997, p.46]. According to the estimation of the duration of the entire 

excursion [=1.2Ma; Arthur. et crl., 1988, p.714]> the period of stabilization may last 3OO- 

400ka. 

Also, several Cetloma~~ian-Turoni3n 61 %&~b and 81%~~ records are characterized by 

a trend to more negative values (C3 in this study. or segment E2/H2 in Hcrsegnwn [ 1997, 

p.2631) occurring at the base of the positive excursion (Table 6.3). 

6.5.2.7. Paleocene 

The Late Paleocene positive 61% excursion (=63-SGMyr; Co$el~J et crl. [1991. p.420]) 

has been measured on a high-resolution on planktonic and deeper dwelling foraminifera 

of different sedimentary sequences [c.g.. Do~rglas mu1 Sm+n, 197 I ? p.5 16ff; L&de et al., 

1979, p.748ff; Shrtkletm oml Hull> 1983. p.615; Coi,$‘rld et crl., 1991, p.4 19; CorJi’ekir nrlcl 

Curtlidge, 1992? p.449, 1993. p.260; Pd cmcf Miller, 1992, p.4 18; Znclzos et nb., 1993, 

p. 195; 1994, p.359; Co!-fi:elfl, 1994, p.235: Le Ccilloruicc, 1997, p. 102ff; Schi1itz et 01.: 

1997, p.96: Chmisi nnd Schit;, 1998, p. 108ff: GCINYWIC~ et nl., in press]. In some sections, 

the positive excursion, which has been attributed to enhanced ocean paleoproductivity 

[Schnritz et al., 1997, p.971, is preceded. and is not synchronous to, the deposition of OM- 



Figure 6.25.8”Ccarb stratigrnphy through the transition Palcocetw Eocene at Sites 528-519 (South Atlantic) 
and Site 577 (North PacitTci. Despite the low resolution at 1.q 7-1, a correlation with the early Aptian 
segment C?, at the time ofthe ni:l.jor positive shift is reliable. Note that segment C5 coincide with a convergence 
of the values of planktonic and deep dwellin g fornminifcra. Redrawn after SlmdYetrw md Hall [ 1984, 
p.6141 (Leg 74) nm/ Coyfield mcl CurtlicIge [1992, p.2351 (Leg SC). 



rich sediments [e.g., Mountch and Miller, 1992, p.436; Ga~endn et al., in press]. The 

high-resolution isotope record through the Late Paleocene reveals the step-like character 

of the positive excursion. One step, preceding the peak values of the excursion and lasting 

= 1 Ma (at ~6%62Myr) can be related to segment CS (Fig. 6.35). In some detailed records, 

this interval correspond to the convergence of the 81% values of planktonic and deeper 

dwelling foraminifera [Corfield, 1994. p.2351. Finally, a sharp decrease of the values 

correspondent to segment C3 has been measured in all high-resolution records (Table 

6.3). 

6.5.2.8. Miocene 

The early-middle Miocene is marked by a positive s13C excursion (=13.S-17.OMyr)> which 

has been described in all major oceans (Pacific, Atlantic, Indian, Mediterranean; Vi~cerlt 

andBerger, 1985, p.459; Comptm et trl., 1990, p. 1228; Wbodr~~jfand Savin, 1991, p.772; 

Wright and Miller, 1992, p.862: Hodell and ‘Il/oothf. 1994. p.413; Jrrcobs et al., 1996, 

p.7201 and is known as “Monterey Event” [.WLSII Wcerlf tr~cl Berger, 1985, p.4631. The 

excursion coincides in many upwelling environments with the widespread deposition of 

phosphoritic sediments [e.g., Compton et al., 1990, p. 1228: .70CC7hS et al., 1996, p.721]. 

The excursion can be divided into several segments, lasting -400 ka, possibly linked to 

Milankovitch cycles [Wcmdmffmd Smk, 199 I? p.7731. Also the Miocene high-resolution 

records through the positive excursion reveal an interval with constant values at the time 

of the major positive isotopic shift (step “III” in Woodmj” md Savin [ 199 1, p.7821) [see 

also Jacobs et al., 1996, p.722; Wright owlMiller, 1992. p.862]. lasting -7OOka. Similarly 

to the other described excursions? the major positive shift is prcccded by a trend to negative 

values (step “II” in W00~~l-z~lflf‘f~~i Sm$n [1991, p.7821). 

In the Miocene of Malta [Fig, 6.26; .IclcoDs~ 1996. p.97ff; .IL~x&s et al., 1996, p.7221, 

both segments C3 and CS coincide with the deposition of phosphoritic sediments. The 

duration of C5 is quite precisely IMa. Furthermore, the detailed distinct 81% record of 

planktonic and benthonic foraminifera reveals that at the time corresponding to C3-C4- 

C5, the &IjC of both organisms assemblages converges (increased 613C values in the 

benthos, decreases iil3C vnlues in the plankton), whcrcas at the time of the excursion the 

signals diverge. This pattern was measured also in the Paleocene [Co!;fi’elcl, 1994, p.23S]. 

Finally, although the positive carbon isotope excursion described on the Maielln Platform 

of central Italy [h/lrrtti et LIJ., 1997, p. 1331 does not temporally exactly fit with the main 

Monterey Event, it confirms the general iMiocene pattern: the cyuivalent of C3 coincides 



Figure 6.26. S’TGI~II stratigraphy through the Miocene Qammieh section of Malta. Note the sirnilnr 
segmentation ofthe positive txcursion as proposed in the early Aptian. Ftlrthermore, note the convergence 
of G”C‘c~rb data of benthonic and planktonic foraminifcra in coincidence of sepents C3-C5. Redrawn 
after Jrrcob.~ et a/. [ 1996, 1x72 11, the data are from Jlrcoh [ 1996]. 
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with a phosphoritic hardground and an equivalent of’ C5, lasting =1.2Ma, precedes the 

main positive excursion. 

6.5.3. Stratigraphic Significance of 6l”C 

Since trends CJ and C5 are a common feature of the early Aptian ;jljC curve their high- 

resolution stratigraphic significance has to been questioned. For this reason at least three 

main criteria have to be satisfied: (a) the independence from diagenetic features, (b) the 

global occurrence and (c) the independence from compositional variations of the sediment. 

It could be demonstrated that at least segment C5 is not a pure product of diagenesis 

(Section 6.5.1). Furthermore, the widespread occurrence of C3 and C5 in sediments 

representing different depositional settings and arcas was confirmed. Finally, the occurrence 

in different settings of different ages of similar features (e.g., the “step-like” character of 

the Monterey excursion ,sem~r Wooclntfllrr~n Sm*irl 1: I99 1, p.7821) confirms the potential 

of correlating short-term fluctuations of the 61% curve. 

The LS is a lithostratigraphic unit recognized on the basis of lithological criteria, 

primarily the lower carbonate content and the darker, more radiolarian- and organic-rich 

character of the sediments [Coccimi et nl., 1987, p. 19O].The data of this study show that 

it is now possible to make a more objective definition of a Selli event based upon the 

stable carbon isotope curves. As the 61°C signal is not primarily driven by local 

oceanography, a chemostratigraphically defined Selli event should be a more definitive 

tool for high-resolution correlations than lithology-based units whose expression is known 

to vary geographically dependin g, for instance, upon paleobathymetry and the extent of 

redeposition [Coccio~zi et c11.> 1987, p.333; Bmsezio, 1993> p.582]. One can therefore propose 

that a “Selli event” be che~~~ostr~ltigraphically defined as the interval including the first 

and second major positive ijl%Z shifts (segments C4 and C6) and a main central segment 

(C5) corresponding to the period of temporary uniformity of ijl3C (S~%U$ +2.6-2.S%) 

that precedes the maximum early Aptian positive excursion (the Cismon event, segment 

C7). Such a definition makes the Selli event almost synonymous with the :LS at Cismon? 

but it corresponds to only half of the LS at Roter Sattel. &q-rich beds (> 1% TOC) occur 

above the top of this Selli event. and a few 01&l-rich beds, and the carbonate minimum 

(<40 wt%), occur below it (within segments CI! and C3). However, there are no distinct 

isotopic features. which can be used to define the event in such a way that these beds are 

included. If it is assumed that thcsc isotopically defined boundaries are time parallel, then 

the sedimentation rate of this Selli event (C5) was -2.7 times faster at Cismon than at 



Roter Sattel (about 4 m versus 1.5 m), perhaps partly explaining their different organic 

contents. 

Concluding, the potential of a high-resolution 61?C stratigraphy as correlation tool. 

already successfully applied in Miocene and Paleocene sediments, has been confirmed 

also in the early Aptian. Although the diagenetic overprinting has always to be considered 

[Mitcllell etnl., 1997, p.6931, a parallel record of 81%k,,-i, and ?!$l%k~g provides a correlation 

potential at a mwh higher resolution than the magneto- or biostratigraphic zonations adopted 

nowadays in early Aptian marine sediments. 

6.6. OM Isotope Signatures (8’“Corg and 815N~rg) 

The objectives of the isotopic analyses on the OM (61jC erg and nitrogen isotopes, s15N~,-g) 

were (a) to confirm that the 613Cc&) pattern through the LS is not a diagenetic artifact 

using the ?51%L,g signal, and (b) to identify additional paleoenvironmental signatures (e.g., 

paleoproductivity and variations of paleo-yC02), using both isotopes of carbon and nitrogen, 

in order to improve the understanding of the S~%~U% signature. 

6.6.1. 6l%Lhrg as Chemostratigraphic and Paleoenvironmental Tool 

On the one hand, the results of high-resolution 6 I ?C stratigraphy presented in section 6.S.- 

6.6 confirmed the efficiency of S1%krg not only as long-term, as already pointed out by 

previous studies [e.g., Krzoii et al., 1986, p.833: P~II-, et [xl., 1997, p.1271, but also short- 

term chemostratigraphic tool. Indeed, although the OM content and -type varies throughout 

the studied sections, also short-term fluctuations such as C3-C6 were recorded. Additionally, 

the results confirmed that a high-resolution record is needed to achieve an accurate 

correlation, since the &1%L~g signal is generally more affected by diagenesis and/or 

compositional variations of the OM. 

On the other hand, the interpretation of &13C~rp as paleoenvironruental indicator is 

strongly affected by the complex path of isotopic discrimination occurring in marine and 

terrestrial biota. Indeed, while the fractionation of carbon during precipitation of carbonate 

is thermodynamically controlled, isotopic cliscrimination of carbon during photosynthesis 

is kinetically controllecl. Alone the photosynthetic fixation of carbon (from (CO-)nq) on 

OM consists of two fractionation processes: reversible intracellular carbon fixation and 

irreversible enzytnatic fixation (see review in S~lridlott,ksi et nl. [1983, p.lSOff]). The 

distinct photosynthetic pathways occurring in different autotrophic organisms, and resulting 
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in different extents of discrimination against 13C, hence different S1%&g, affects the 

interpretation of S13C0r~. On aquatic organisms photosynthetic isotopic discrimination 

has been proved to be dependent upon temperature, pH, light intensity, nutrients 

concentration, p(COZ)aq, cell size and growth rate [c.g., Rr-m et nZ.> 1992> p. 1417; Frmcois 

et nl., 1993, p.634Ef]. In terrestrial plantsp(COz)atnl and humidity are important controlling 

factors [e.g., 0 ‘Letrr-J, 1981, pS5S]. Furthermore, diagenesis and reworking of OM by 

other organisms are further aspects, whose intlucnce on sedimentary 81%~~ is hitherto 

difficult to estimate. 

Despite the complex origin of ;jl%Lrg, the literature reports positive correlation between 

variations of &1%&g and (a) atmospheric 1K02 (inverse proportionality) [e.g., Arthur et 

al., 1988, p.7 15; Nnj~,s et czl., 1989, p.2969ff. Pqq> c!f ~1.. 19S9, p.444; Rcr~r et al., 1989, 

p.5 SC,], (b) primary productivity (direct proportionality) [e.g., Snmtlzeir~ et al., 1988: p.386; 

HoZZarzder crnd McKenzie, 1991, p.930]> (c) physiology of autothrophic organisms in 

response to environmental Factors [e.g.. Frmcois et al., 1993, p.6371, and surface water 

temperature (direct proportionality) [e.g., FiLsclzr~r, 1991, p.5861. The use of compound- 

specific isotopic analyses (CSIA) recommended by several authors [e.g., Haye.s et al., 

1989, p.2962; Popp of Al., 1989, 13.4391 still contrasts kvith the opinion that also bulk data 

provide accurate and significant values of the OM [e.g. Rm et 01.~ 1989, p.518, 199 1, 

p.335ff; 1992, p. 14 141. The positive high-resolution correlation between S1%Lrg and 

&13C~zb showed in this study supports the assumption of Rarr c:t al. [1989, p.517, 1991, 

p.335ff; 1992, p. 14 171, that also bulk sedimentary OM can be used as paleoenvironmental 

tool. A recent study of Sn?lto,c N&o et nl. [1998. p.3711 on late Aptian OM-rich marine 

sediments confirmed that also CSIA of different organic compo~mck systematically record 

global fluctuations of the carbon isotopic composition show%q identical (613C,,g)spcc,cotnp. 

trends. 

6.6.2. Stable Nitrogen Isotope Geochemistry 

6.6.2.1. Introduction 

While the processes of nitrogen fixation (LX = 1 .OOO- 1.004) and solution of nitrogen gas (a 

= 1 .OOOtr.S) do not involve isotopic fractionation, bacterial nitrificntion/denitrification (a 

= 1.02) as well as ammonia volatilization from the ammonim~l ion (~1 = 1.034) have a 

significant isotope effect [e.g., Sclzidlotv,vki et nl.? 1983, p. ISZ]. Tn the atmosphere 6l-‘N is 

homogeneous whereas in the oceans 6’5N of dissolved nitrogen is strongly dependent 



from the rates of denitrification. This causes a precise geographical pattern of 6tsN of 

nitrate dissolved in ocean water (&~~NNc+ 1: in areas with strong denitrification rates, 

~~SNNO, lies between 6.4 and 18.5%. in areas with weak denitrification rates between 

5.5 and 6.5%. Intensified nitrogen fixation by cynnobacteria (e .g. in tropical regions) can 

decrease the mean value of oceans 615N. On land. more refractory, i.e. non-hydrolizable, 

OM, has 615N~p sitnilar to the atmospheric signature. 

6.6.2.2. The Nitrogen Cycle 

An overview of the nitrogen cycle is provided by Figure 6.27. The principal biochemical 

reactions involving nitrogen are [e.g., Schicllo~r:5-ki ct al., 1983, p. 17Sff]: 

( 1) Fixation of atmospheric nitroget by autotrophic as well as by heterotrophic prokaryotes 

(e.g., cyanobacteria) on land or in the oceans. This process is quite inefficient, since it 

requires high amounts of energy to break the triple bond of the Nz-molecule. (2) Nitrification 

(oxidation) of ammonia by chemosynthetic bacteria. Nitrate, the product of nitrification, 

is the most stable and common form of Ilitrogerl-coInpounds in the oceans. Inorganic 

nitrogen cotnpouncls are. besides of phosphorous, the main biolimiting compounds. (3) 

Dcnitrification, consisting of the reduction of nitrate into molecular nitrogen. It is the 

main process producing atmospheric? molecular nitrogen. It acts only in poorly oxygenated 

environments: in the degradation of OM by aerobic bacteria. nitrate acts as a L,ewis-acid 

when oxygen is exhausted. (4) Mineralization of organic nitrogen by heterotrophic bacteria 

producing simple nitrogen-containing compounds and. finally, ammonia. 

6.6.3.615Norg as Paleoenvironmental Tool 

The processes involving fractionation of nitrogen isotopes measured in particulate 

sedimentary OM are not definitely understood [c.g., Altuhet rf~ll.~ 1998, p.69). This factor 

as well as the short residence time of fixed nitrogen in the oceans (=lOka; e.g., Chiispoti 

[ 1989, p.3811) explain also why the cS’~NCK~ signal is not systematically used as 

chemostratigraphic tool. Nevertheless, nitrogen isotopes attract incremented interest in 

paleoce~ulograplly for the reconstruction of oceanic nitrogen utilization rates [e.g., Ahbet 

and FmicoiLs, 1994, 103ff‘; Nolnlu et nl.: 1997, p.6041. hence the degree of primary 

paleofertility and p”leoyroductivity of the oceans. 

The S”NCX~ retlects the isotopic composition of nitrate in surface water [e.g., N~k~tslllca 

et al., 1995, p.25261 and the degree to which this inorganic nitrogen source is utilized 
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[e.g., Voss et al., 1996, p.43ffj. Like as for carbon, phytoplankton discriminates against 

the heavy “N isotope [:e.g., &Iw~~Ju, 1994. p.264ffl, causin g its depletion in the OM and 

its enrichment in the nitrate. Accordingly. low 8’?Yorg measured in sedimentary OM have 

been attributed to high primary productivity ancl high nitrate availability in ocean surface 

water [e.g., Calve17 et al., 1992, p.225: For-WI1 et rd., 199s. 13.5 16; Nnkdwkcr et al., 1995. 

p.2527: Hohes et al., 1997, p.6121, as confirmed by investigations on modern basins 

characterized by upwelling regime (e.g.. Angola, Basin and the W Equatorial Pacific). 

Otherwise, diagenetic alteration may strongly affect the primary signal. e.g. by bacterial 

remineralization of sinking OM. resulting in its enrichment with 15N [e.g., Frmcois ef al., 

1992, p..599]. Finally, also denitrification by bacteria can enrich nitrate, in oxygen-poor 

environments, with “N. Therefore. fluctuations of G’%org may reflect changes in the 

nutrient utilization in surface water and/or changes of denitrification rates in the water 

c01un111. 

6.6.4. Results 

6.6.4.1 Cismon 

At Cismon, the 8”Norg values fluctuate between + I and -2% (Fig. 6.28). The values are 

constant around 1% in the Maiolica formation and show an abrupt drop to - 1.5-2% at 

the onset of the LS (reflected by A3a and A3b). This drop mirrors the evolution of ;jl%Z~rg 

(C3) and coincides with an abrupt increase of the C/N ratio within the LS from = 15 LIP to 

30 (Fig. 6.29). The latter shows in the LS an antiparallel pattern in comparison with the 

81%Yorg curve. This suggests that the step-wise feature of S1%Ixg in the LS? although it 

does neither strictly correlate with the OM (Fi,. 0 6.30) content of the sediments nor with 

the UN ratio of the OM (Fi g. 6.31). is related to different types of preserved (and/or 

diagenetically altered’?) OM. This explains also why the factor A6’3C shows an antiparallel 

pattern within the LS with respect to the S13C erg curve (Fig. 6.33): the fractionation between 

CGII% and Corg changes because of variations of the OM type was not the same through 

the LS. This is in agreement with the palynological and biomarker study on the Cismon- 

Apticore. showing high variability of OM type [Hoclulli et 01.. in prep.]. 

6.6.4.2 Koter Sattel Section 

At Koter Sattel the SliNorg shows lower average values than at Cismon, fluctuating between 



I90 Sec~tio?l 6: High-Resolutim 6°C Strntig-rqdy 
- -. ---.- 



Sectioil 6. High-Resolution LPC Stl-crtigraply 191 
_- I- 



0 and -3%0 (Fig. 6.33). 6’“N org and ij13Ccq generally show a parallel evolution. Also at 

Roter Sattel the LS is characterized by lower values than the adjacent sedimeuts and by 

the increase of > IO of theC/N ratio (Figs. 6.33-6.34). The drop of the vahxs is less abrupt, 

since also the ZIVorg pattern shows a more extended and less abrupt onset of segment 

C3. The evolution of the C/N ratio is generally antiparallel to S”Nmg and 811iC~xg and 

parallel to AS13C and theTOC values. It thus supports the hypothesis that variations of the 

dominant OM type within the LS led to a step-like pattern of &13Corg (less stable than 

S13Cm1,) and A613C. and to the peculiar nitrogen isotope signal. 

6.6.4.3 Apecchiese 

In the Apecchiese section few data were collected and reveal that the previously described 

trends are partially confirmed. Particularly the high values (up to 3.4%0) within the LS 

confirm on the one hand a large scattering of ii”Nory (between -3.S and + 3.4%0) and show 

on the other hand an inverse proportionality between 8”Norg and SIVorg in the upper 

portion of the LS (the “black member”) (Fig. 6.35). 

6.6.4.4 Les Sauzikes 

At Les Sauzikres a comparison between the ij”Nore record in the LS and its adjacent 

sedilments is not possible since only the former has been sampled and analyzed in detail. 

The absolute values are generally nlore positive, varying between +2 and -2%0 (Fig. 6.36). 

Also within the LS the scatter of S”Nq is larger. In the LS the C/N ratio increases of >20. 

Despite their lilnited amount, the data of Les Sauziitres show an important feature: the 

four horizons with the highest TOC content correspond to the highest C/N ratios and the 

lowest S’5Norg values. This correlation indicates that the four horizons have a sinlilar 

dorninant OM type, probably tnarine [&YWH et zrl., in prep..], or reflect similar preservation 

factors. However, the evolution of613Corg is independent from the rnentioned parameters: 

the &13Corg values of these horizons belong to three different segments (C3, CS and top of 

C6). This feature confirms that the 6’ 3C~rg signal is not II ~‘Gori dependent upon the OM 

content and OM type, and therefore preserves an original isotopic signature related to 

variations of the carbon cycle, as widely accepted for the variations of ~~~CGU+. 
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6.6.5. Discussion 

The isotope signals of the OM S13C ors and 81SNor~ may reflect (a) OM diagenesis. (b) 

compositional changes of the OM and the bulk sediment and, (c) paleoelivirotillletital 

changes. 

6.6.5.1. Diagenesis 

Increasing thermal kerogen maturation results in the depletion of 1% (and 1%) frotn the 

OM [e.g., Kol~rback etclI., 1983, p.8311. In section 6.6.1 .2 it has been discussed that thermal 

diagenesis did not significantly affect neither the S~%?YU% nor the 6l 3C~~rg signal. Hence it 

is unlikely that thermal overprint is responsible for the evolution of 6’SNorg. 

Most of the initial NWg is lost during early and burial OM diagenesis [e.g., Bender am/ 

Heggic, 1984, p.983ff; Wq1e.s ~rlri’ Slonn? 1980, p.14661. Hence, diagenesis may have 

played a significant role. Several authors reported quite systematic enrichment in ‘“N 

(+1.5%0) of modern particulate OM once the latter reached the ocean floor [e.g., Frnrzcois 

et al., 1992, ~598; Holnzes et al., 1997, p.607ffJ. Subsequently. microbial remineralization 

occurring on the ocean floor and in the upper sediment colunm may enrich OM in 15N 

[e.g., Mucko nnd Estep, 1984, p.788flfl. The effect of fractionation ofN by adsorption on 

clay minerals is negligible [e.gY Miiller, 1977, p.772; ScllGclel- nrlzI Mdain, in press). 

Only if occurring on a large extent, it may cause a lowering of the total 6lsN in clay-rich 

horizons such the LS [e.g., Miillc~r, 1977, p.7731. However, selective adsorption of organic 

compounds in the interlayer space of clay minerals [e.g., Mwg am1 Lee, 1993, p.6; Bishop 

and Yhilp, 1994, p. 1496: Gil cut al.. 199-E, p.S51] or the external surface [e.g., Mnq’el-, 

1994, p. 3581 may result in a post-depositional compositional alteration of the OM. 

Moreover, the very low to negligible nitrogen content sorbed onto clay minerals (Section 

5.6.1.1) indicates that this process has not been as extensive to cause a negative shift of 

61SNorg in the LS. 

The higher C/N ratios in the LS (e. g.? Fig. 6.28) may indicate a dominance of terrestrial 

OM as it is the case for modern sediments. However, bacterial degradation of OM [Miiller., 

1977, p.7721 in OM-poor horizons and the selective loss of nitrogenous OM in the OM- 

rich horizon would results in a similar C/X pattern as observed in this study. Accordingly, 

generally in ancient sediments the C/N ratio positively correlates with the TOC content of 

the sediment and reflects a preservational, rather than a compositional, signature [e.g., 

Tyson, 199S, p.3901. Furthermore, the large amount of weak fluorescent AOM in the LS 
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suggests a high degree of decomposition the OM under dysoxic conditions [iClTnchc& et nl., 

1999]. 

Summarizing, it is likely that diagenesis affected? like the whole OM and the C/IN ratio, 

also the &15Norg signature. However, thermal diagencsis can be excluded and selective 

adsorption of ‘“N on clay minerals is negligible. 

6.6.5.2. Compositional Changes 

Primary compositional (source effect) and/or preservational variations of the OM probably 

affected to some extent, not only the Sl%Zor-g signal, but also the G”Nor,o pattern. This 

hypothesis is confirmed by the data of the LS, where a positive correlation between the 

TOC amount and ?j*%Z,rg, coinciding with the variation of ASl%Z has been measured. 

Moreover, the @“Norg signal shows a higher positive correlation with the C/N ratio than 

S13Corg (Fig. 6.37). 

Furthermore, it is possible to evaluate the influence of OM type within the LS, especially 

its most OM-rich upper part (the “black member”) which shows the largest Sl%q range 

(<4.5%0). For the HI range O-300 (over 90% of the data). there is a positive correlation 

with TOC (r2 = 0.8) and a negative correlation with 6l %~p values (I-~ = 0.4-0.6), but none 

of these parameters shows a significant correlation with the marine amorphous organic 

matter (AOM) to the terrestrial phytoclast ratio determined from transmitted light 

microscopy or with biomarkcr data Z?t~>t~n ef nl. [in prep.] and A. Kiva [ACJIP Italia, S. 

Donato Milanese, pers. comm., IWS]. It is also noteworthy that the individual samples 

with peak TOC values within segment C5 do not exhibit different 8l-?Cc~g values such as 

might be expected if these contained significantly different terrestrial/marine ratios [Uelrll 

et al‘> 1986, p. 140; 7$Wtz. 1995, 17.4011. 

It is likely that the above trends indicate that much of the variation in HI is dependent 

on the preservation of marine AOM [r~sorl, 1995. p.3431, which dominates the LS 

palynofacies assemblages (275%). and that any variation in the Iriarine/terrestrial ratio is 

not a significant control on this part of the 8l-?Corg curve. The strong correlation with the 

ij13C~arl~ curve (Fi g. 6.17) and its uniformity in all the studied Tethyan LS sections also 

suggest that the 61%~~ curve is not controlled by maritle/terrestrial mixing in this interval. 

Because of the distal hemipekagic nature of the sections, terrestrial inputs are likely to be 

at low and relatively constant background levels and strongly diluted wherever dysoxic- 

strongly dysoxic conditions permit preservation of marine AOM; however, one would 



expect the more refractory terrestrial material to become selectively concentrated under 

the oxic conditions within the white pelqic limestones below and above the LS. An overall 

difference between the dysoxic-anoxic LS and the adjacent oxic beds might therefore 

reflect partly marine/tcrrcstrinl ratios (the stratigraphic interval that incorporates TOC values 

> 1 wt% has 61 %rg values all <-24%). but it is very unlikely that they can explain the fine 

structure of the 8l-iCorp curve. It should also be noted that other studies have shown that 

OAE or similar isotopic signals can be preserved even within more oxic organic-poor 

intervals dominated by terrestrial OM [e.g.. Mrrgctl-it: et al., 1992, p.730: HcIscgci~~~~ 1997, 

p.2631. 

Finally, two arguments support the hypothesis that neither variations of @“Norg are 

uniquely due to compositional variations: (a) neither variation of Sl%Z,rg is only due to 

variation of the dominant OIM type and, (b) the S”Nnrg data of Rau et al. [ 1987, p.2721 of 

Mid Cretaceous black shales from the N-Atlantic show the satne evolution of 6’jNorg as 

presented in this study. In the N-Atlantic black shales as well as the ad.jacent OM-poor 

sediments the dominant OM type was marine. Hence, they excluded compositional changes 

as responsible of the peculiar cC”Norg pattern in the black shales. This agrees with the 

findings of Gbve~t et ~11. [1992, p.2241, who measured similar trends of TOC, $?cx~, 

and ij’“Norg from Mediterranean sapropels to those presented in this study. 

6.6.5.3. Environmental Changes 

The most significant feature of the ijliNorg curve is represented by the negative values in 

the LS. The &“Norg data measured in this study are similar to the data of Rau et al. [ 1987, 

p.2721: in both data sets the absolute, S”Norg values in the black shale facies are much 

more negative than in the Quaternary sapropels and black horizons reported by Caivu.t et 

lzl. [ 1992, p.2241, Holmes et al. 11997, p.6071 and others. However, in contrast to the data 

of Rcru et ~1. [ 1987, ~2721, in this study the amplitude of fluctuation between S”Norg 

from OM-rich and -poor horizons coincides with the amplitude reported from the Quaternary 

sediments. Based on the latter observation it can be argued that the negative values in the 

LS reflect a time of enhanced ocean paleoproductivity and paleofertility due to enhanced 

upwelling rates jillt~rl~t LIIICI Dertsu, 198.5. ~219; C~~ll~r*f c~f nl., 1992, p.225; Fnmll et 

al.: 1995. p.515; H0l??K?S et 171.. 1997. p.612]. Indeed, the fractionation of nitrate and 

ammonia uptake by phytoplankton changes proportionally with the nutrient availability 

and demand in the water column [Mrda and Hattori, 1978, p.WfE; Montoycr, 1994, p.2691. 

High productivity and fertility levels at the time of deposition of the LS are in agreement 
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with the OM (OM content and accumulation rate, OM type, palynofacies), lithological 

(carbonate content, ichnofacies) and the ecological data (evolution of radiolaria, 

nannoconids and coccolitophorids) as will be discussed in Section 6.7 and 6.9. 

Of course, further different and partially contrasting environmental processes may explain 

the more negative 6”Norg values through the LS and are based on the assumption that 

nitrate was a major biolimitin, ~7 compound: (a) Tncreased denitrification (leading to an 

increase of ij”Norg in the OM) coupled with a decreased nitrate availability in a sub-oxic 

water column (leading to a decrease of 6”Norg) [Rnl/ rt crl., 1987, p.276] at a time of 

reduced primary productivity in consequence of reduced water circulation and nutrient 

upwelling, or decreased primary productivity at time of increased nitrate availability: 

however, evidences neither of low primary paleoproductivity nor of reduced water 

circulation are available; (b) Nitrogen uptake from an optional source due to a high primary 

productivity-related decreased nitrate availability in a sub-oxic water column, resulting in 

the direct fixation of atmospheric, more negative, Nz [Lilri ct al.. in prep.]; Tn turn this 

would result in, or be the consequence of(c) a change of the autotrophic assemblage in the 

surface water whose remains may have more negative 6’5No~g ratios [e.g., blue-green 

algae; Deltviche nrzrl Stew, 1970, p.9341: the former hypothesis can neither be proved nor 

is it supported by additional evidences: the latter hypothesis can be excluded, since it was 

proven that the S”Norg pattern is not dependent upon compositional variations. (d) Finally, 

bacterial activity in conditions of strong microbial denitrification of the OM by uptake of 

14N under suboxic conditions [kforiotti et nl.? 198 1, p.424ff; Ol~kolrclli et al., 1998, p. 1781: 

however, a direct evidence of enhanced bacterial activity in the LS, as postulated for Mid 

Cretaceous black shales by Cll&~zrcl~i et nl. [ 1998, p. 1781, is not available. The hopanoids 

content increases in the LS. but not as significantly as reported by Ohkortchi et al. [ 1998, 

p. 1781, since the sterane content shows a much larger increment in the LS [Br-o~vn et nl., in 

prep.]. 

6.7. Paleoceanography of the LS 

While some authors have attributed the origin of deep water Aptian-Albian black shales to 

a combination of low productivity and enhanced presen.ation under stagnant (i.c. “sluggish” 

circulation) dysoxic-nnoxic conditions [e.g.. de Boer, 1986, p.3 22: h’roimr:er cm1 Tlliersth, 

1987, p.355; Pratt cud KinR, 1986, 1-7.5 17ff; Prenloli Sih~r et (71.? 1989, p.3331, others have 

proposed that OAE 1 a primarily reflects an episode of increased primary productivity and 

increased upwelling rates [e.g., Weisser-t cut al., 1985, p.S43: Lcmkiet 1989, p.127; Wei,csert, 



1989, p.46; Erbncher et al., 1996, p.5011. The best (but still inferential) evidence for 

enhanced productivity durin, ~7 OAE la comes frotn the marked changes in oceanic 

planktonic assetnblages: the nannoconids crisis in the Lower Critical Level [Cocciorli ri 

ul., 1992, p.528; Bl.c~lowet~ et 01.. 1994, p.352; Et&r, 1994, p.494ffl, the decreasing of 

radiolarian diversification [Erlx~cl~et~~ 1994, p.40; L,fir?&~Y crrln De Wevel-, 1996, p.2SGff; 

Erhrrcher et al.. 1996, ~500; Erhc~clw mcl Thwo~~~ 1997, p. 1 SO] but coinciding with the 

increaesc of the radiolarian content [e.g., Catm and D~rpuscpiev-, 1989, p.52: Strlvirli et 

crl., in prep.] and the decrease of fornminiferal diversification (benthonic and planktonic) 

in the Lower Critical Level and their almost total extinction in the LS [Coccimi et al.> 

1992, ~5281. All these ecological events of decreased species diversification were related 

to the blooming of few opportunistic organisms? in response of an intensified eutrophic 

regime in the water column. Furthermore? recent studies of the palynofacies [EJocllnZi et 

nl., in prep.], the biomarkers [RU~HX et crl., in prep.: A. Rim, in prep.], observations of the 

ichnofacies and &“Norg analyses (this study) confirmed a dominance of marine OM in the 

LS coupled with a period of enhanced primary paleoproductivity. Finally, recently model 

calculation revealed that the stagnant or sluggish circulation mode of world’s oceans is 

stable only for a period <3 ka [Kzrr~y et (11.. 19981. 

There are a number of possible factors that could contribute to enhanced nutrient supply 

and increased paleoproductivity. It is widely accepted that the volcanically and tectonically 

induced increase in atmospheric CO-, levels [e.g., Lc~rsm, 1991a, p.549, 199lb, p.964; 

Tar&am et al., 199 1, p.399, Jmes et ai., 1993, p.3070: Tntszrvvzi et al., 1998, p.lS3] resulted 

in global warming during early Aptian time [e.g.. Bnmm irid Washington, 1982, p. 106; 

1985, p.SSO; Bnrrm et trl., 1995, p.960; Ctrlcleim mdlimtvpivvo, 1991, p.989; H~rvrmn crvd 

Spiccr~ 1996, p.33 1, Buttm rtvvd Wevlbevv, 1987, 1~. 227). Computer models suggest that this 

would have favored an intensification of the oceanic thermohaline circulation mainly due 

to increased salinity contrasts in the Early Cretaceous (due to the formation of more saline 

waters at subtropical latitudes, with evaporution>precipitation, sinking poleward at 

intermediate depth) [Huy, 199s. p.262; Hm mcl Weld, 1997, p.244; see also Mrr~abe CUKI 

Brycu~, 1985. p.1 1698; Sarvvricvlto et al., 1988, p.125; Ge’lYi?zl 0Vld Dols, 1990, p.1563; 

Herbert am? Sarvvvicvlto, 1991. p.704; Rind md CZvtmcfler, 1991, p.7459; Hlrher et crl., 

1995. p. 118Sff; Schmidt crrltJ h1yscrk> 1996, p.5901. Moreover. the shift of the circulation 

mode may in addition have been controlled and favoured by orbital cycles (e.g.. insolation 

changes) [Oglc,vby ~UZLI Y~I-X-, 1989, p.l3807ff]. A similar model has recently heen 

formulated by Lyle [ 1997, p. 163ff] also for the Paleocene-Eocene period. Finally, re- 

distribution of the continents, such as the opening of&W channels (e.g. Central Atlantic- 



Alpine Tethys connection, Stanzpjli et nl. [in press]). may have dramatically changed the 

thermohaline circulation pattern [Hozlg NN/ Tiedmmnn, 1998, p.674; Toggweilel- ad 

Snrnuels, 1998a, p.23, 1998-b, p. 18361. 

S~rch a change in the theromohaline circulation would, in turn. have promoted intensified 

nutrient recyclin, ‘7 from the deep and intermediate water column and thus enhanced 

productivity [e.g.> Pm-rislz ~711~1 Curtis, 19821. In addition, the intensified “greenhouse” 

conditions may have accelerated the hydrological cycle [e.g., Schmidt nnd Myok, 1996, 

~5901 resulting in increased rainfall and continental weathering and hence in altered nutrient 

and sediment fluxes from continents to oceans [e.g.. It-lirzg ef ol., 1974. p. 12ff; Bemer ct 

al., 1983, p.677ff; Mcul~be crud Rpm, 1985, p. 117Olffi UGi.sorf, 1990> p.65; Fiillmi et 

al., 1994, p.745; Fii‘llmi, 1995, p.8611. According to some authors [e.g.. Herbert cudFischer, 

1986, p.740; Bcrrmrz etctl., 1985: p.336@ and to the lithological and palynological variability 

observed within the LS, it appears that the above mentioned regimes (circulation, 

hydrological cycle) fluctuated with Milankovitch periodicity. Orbital variations are invoked 

also to explain the occurrence of Holocene sapropels in the Mediterranean [e.g., Iiollling 

nrzd Hilgen, 1991, p.2.561. The peculiar palcocirculation mode and the higher nutrient 

levels would have favoured dysoxic conditions in the water column [Hco~he~t arlcl San?~iento, 

1991, p.7041. 

In the studied sections, enhanced (C02)attn levels may be reflected in the decreasing 

values of S13Ca~b and &l%ors (Cl-C3) and in the corresponding increase of A613C 

preceding the onset of the LS (Al) [ v e.e., l&r et rtl.. 1989, p.5 171. Furthermore, an indication 

of warming of the surface ocean in the late Barremian to early Aptian is given by the 

general trend of 61%) toward more negative values (01) [e.g., Smin, 1977, p.3291. Any 

increase in productivity will have favored rndiolnrians and organic-walled phytoplankton 

taxa [e.g., Leckie, 1989, p. 127; BIU~~NW ct (11.. 1994! 17.356; Eh, 1994, p.496; ErOncl~c~ 

et nl., 1996, pSOO]; coupled with the high (CO,)nq levels and the repeated shallowing of 

the calcite compensation depth [Thiccrsfei~l, 1979, p.266ffl: this shift resulted in lower 

sediment carbonate contents and thus decreased burial of Ccal-b. The higher TOC contents 

of oceanic OAE la sediments thus probably reflect a combination of higher OM fluxes, 

lower carbonate autodilution, low siliciclastic sediment dilution. and enhanced preservation 

under dysoxic-strongly dysoxic conditions due to the peculiar circulation mode [cf. ~~,cor~, 

1995, p.108, see also Al-thrw et ~71., 1983, p.244ff: 1990, p.85; Snnniorto et al., 1988, 

p. 123ff; Pederw~ nmf Cahwt, 1990, p.455ff, Smtlum ct al., 1982, p. 19Off]. 

The high-productivity model contrasts with model calculations showing that at the 

low-sedimentation (dilution) rates observed and with the carbon preservation factors 



apparently associated with laminated sediments [Rrcrlower and Tl?ierstcin, 1987, p.3621, 

primary productivity would not need to be particularly high in order to explain the observed 

range of TOC values observed in the black shales [~\wH, 199S> p. I28:]. 

6.8. Livello Selli in the Context of the 6’“C Excursion 

In previous studies the coincidence of the Live110 Selli and its equivalents with the onset 

of the positive Aptian 6l%J excursion was taken as evidence of a direct link with episodes 

of increased Cal-g burial and black shale formation [e.g., Berges md Vincent, 1986, p.254; 

Weisser.t~ 1989, p.20; WZssert creel Lini, 1991, p. 1771. The new high-resolution carbon 

isotope records through the LS indicate that positive shifts in the carbon isotope curve 

occur at the onset of (CG), near the end of (C6). and after the end of (C7), rather than 

during, deposition of most of the LS. B~-cllort~r. et ni. [1994, p. 3571 previously realized 

that the main Aptian positive isotopic shift (C7) occurs after the LS and that this poses a 

challenge to the earlier interpretations: the observation of the uniformity of the 81%Z~h 

signal at values of -2.6’% (for several lOOka) emphasizes further the incompatibility with 

any mechanism that assumes ;jljC is driven sitnply by increased carbon burial during 

widespread anoxia and black shale deposition. 

Based on the simple isotopic masse balance: (ij13C)i,l = R (Si3C,rg),,,, + (l- 

R)(61 %ZGW~),,,~, with R: Corg/(Coug + Ccarb), positive 6’ jC excursions should coincide 

with periods of enhanced Corg burial [e.g., Lirli ct crl., 1992, p.3781 or, more generally, a 

high Corg/Ccarb burial ratio (Fi g. 6.37). Figures 6.38 a-b show the theoretical relation 

between S1%J,rb and Corg/Carb ratio calculated for different measured fractionation terms 

A813C and the real values measured at Cismon and Roter Sattel using two different 

theoretical A6’3C values, The plots confirm that the time of major Corg burial measured in 

the sections (during the LS) does not coincide with the highest 6’3C values (Fig. 6.38 c-d). 

The data of Lini [ 1993, p.5W-j and Krrhrl [ 1996, p, 1031 for the Valanginian show a similar 

pattern. At least three paradigms can be postulated to explain the early Aptian carbon 

isotope pattern and the discrepancy between Cq/Ccarb partitioning. Cot-g burial and ijl3C: 

(a) If the positive excursion mirrors enhanced Corg burial, then the LS does not represent, 

on a global scale. the time of maximum Corg burial: (~b) if the LS represents the time of 

maximum Car-: burial, then the positive excursion would reflect rather a decreased CGU$ 

burial, and (c) the partitionin g is controlled by a combination of both models a) and b). 
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Figure 6.38. Comparison between ii”Cca~-h anti partitioning Corg,‘Ccarb (a-b) using 6’% = -6 (black 
symbols) and 6°C =-7 (white symbols) for primary (8°C in) carbon source, and between TOC 
content and partitioning Corg/‘Ccarb (c-cl). The shaded area indicates the 1.3. 

Accordingly, there are several possible scenarios that may explain the isotopic uniformity 

seen during segment C5. 

6.9. Scenarios for the Explication of the LS 6l”C Record 

6.9.1. Scenario 1. Assuming enhanced primary productivity during deposition of the LS? 

the extraction of lzC into the sedimentary carbon sink would have been balanced by an 

accelerated flux of isotopically light carbon into the surface water reservoir [B~llotver et 

al., 3 994, p.3571. The duration of the LS interval implies that mass and isotopic steady 

state conditions were established during the LS episode [KIUUJ>, 199 1, p.3001. Several 

different sources of 12C probably coexisted: 

(1) The first source is intensified recyclin, u and upu~elling of intermediate water enriched 

in I%?-rich carbon. This hypothesis would be in agreement with the circulation models , 

cited previously. The constant S13C: values due to enhanced recycling rates of intermediate 



deep water would result in the reduction of the bathymetric 81% gradient, but isotopic 

data from deep dwelling organisms from lower Aptian sections are not available to test 

this implication. However. late Paleocene [Co!lfield, 1994, ~2351 and Miocene carbon 

isotope records [,Jcrcoh.s ct al., 1996, p.7221 show ~2 =I Ma. period of convergence in the 

813C ofplanktonic and benthonic foraminifera during the interval of constant 6l?C values 

preceding positive excursions. In the Miocene example the stabilization and homogenization 

of the isotopic gradient coincides with the deposition of phosphoritic sediments, suggesting 

increased upwelling rates. According to K~rnp [ 199 1. p.3001, a decrease in the bathymetric 

s13C gradient can be related to either a decreased flux of OM which is oxidized in the 

water column and/or an increased flux of carbonate to the deep ocean or by changing the 

proportion between downward and upward flux of 1 %Z depleted carbon. The high Corg 

and low carbonate contents in the LS suggest the latter scenario as the most likely. The 

described scenario may have acted over a longer time span of SOOka to 1 Ma assuming a 

constant elevated input of nutrients from the continent and may be coupled with the 

enhanced riverine flux of isotopically light carbon. 

(2)The second source is the enhanced riverine flux of isotopically light carbon (average 

813C value of DIC: ~-6 - -8% ) from continents to oceans at times of intensified 

“greenhouse” weathering of carbonate rocks and OM [e.g., Renzer et al., 1983, p.677ff-; 

Weissert, 1990, p.66, Fdimi CT ~71.~ 1994, p.7451 According to KuI~~~J [ 199 1, p.300], changes 

ofriverine flux affect the carbon isotope signal for periods longer than the residence time 

of carbon in the oceans. 

(3) The third source is the build-up of isotopically light dissolved carbonate [e.g., 

Mackemie, 1975. p.477ff; Spc’~*~ et crl., 1997, p.4981 due to the decreased fixation of carbon 

in Ccalh during the LS [e.g., @c/$Y~> 1997. p.37 11 caused by unfavorable ecological 

conditions affecting calcareous organisms in pelagic. shelf, and platform environments 

[Erba, 1994, p.49 lff: BIYlloltW et Nl., 1994, p.352; F’?jllrrri et al., 1994, p.732; Weissert et 

nl., 1998, p. 194ff) or a combination of increased (CO~)atrn levels and transgression leading 

to the periodic shallowing of the carbonate compensation depth (CD). It is likely that 

perturbed partitioning between Corg and Cc;~h burial has acted over several lOOka [Weissert 

et al.. 1998. p. 1931. 

(4) The fourth source is an increased flux of isotopically light CO? into the marine 

carbon reservoir at times of persistently high volcanic and tectonic activity [&YUQU nrzn 

W~zshiugtm, 1985, ~549: Rcrr~rl ~?zrl Peterson, 19901. )-Iowever, although the rapid changes 

of the carbon isotope pattern could be attributed to enhanced volcanic activity, higher 

atmospheric CO2 concentrations should lead to nlorc negative 6 1 %hg values [e.g., Mizutarzi 



and Wada, 1982, p.384; Rnu et al., 1989, p.516; Brcrlo~~ et nl., 1994, p.3.571. 

(5) The fifth source is the upwelling of I?-rich HCO?- derived from bacterial sulfate 

reduction [Keq~ and Kr~~~irr-cz~rk, 1993> p.73ffJ would act during the deposition of the 

LS under anoxic conditions, but its quantification is difficult unless accurate sediment 

accumulation rates can be estimated. 

6.9.2. Scenario 2. Assuming enhanced primary productivity, isotopic balancing of enhanced 

12C extraction from surface water by temporarily increased oxidation of older terrestrial 

organic matter buried on land cannot be excluded. This reaction, favored by increased 

weathering ancl precipitation rates [c.g., Bernet rt al., 1983, p.642ffl and increasing 02 

levels in the atmosphere [e.g., Ktrrhu md Hoilar~d, 1996, p.X69], would result in higher 

levels of *2C in the atmosphere and DIG of ocean and river water [e.g., Arthur, 1982, ~57; 

Kumy, 1991, 13.2991. Recently it could be demonstrated that the anthropogenic oxidation 

of fossil fuels and the consequent increase of 1lC in atmospheric CO;! have resulted in a , 

measurable decrease of 61 -?C in planktonic foraminifern [Bel~l-irfge nrzcl Shnckletm, 1994, 

p.27 1; Fischer et al., 1997, p. 1 S4ff]. However, this has occurred at a very much faster rate 

than that which would be associated with natural weathering processes. 

6.9.3. Scenario 3. A decrease of primary production and a decelerated “biological carbon 

pump” resulted in the deposition of the LS. It is likely, on the basis of the variations in 

TOC that changes in the flux of organic carbon and in the efficiency of the biological 

carbon pump [Ber;qer no’ Villcmt, 1986, p.2521 occurred during deposition of the LS. 

An attempt to estimate the accumulation rates, based on the approach of Bralower and 

Thiersteirl [ 1984, p.6 14ff, 1987,p354] has been performed considering the sedimentation 

rates calculated by Herbert [ 1992. p.261, the porosity and the density of the dry sediment 

and its TOC content. This approach is more precise to estimate the degsee of primary 

productivity or preservation of CN,, ~7 in contrast with the correlation between sedimentation 

rates and TOC values [e .g., Sfei~ et u[. , 1986, p. 171, because the cliagenetic loss of porosity 

does not influence the estimation. Uncertainty is of course related to the time control, 

based on the correlation of unaet~etostrntigraphical and cyclostratigaphical data and, mostly 

for the IS interval, the interpolated sedimentation rates [HcTrbert, 1992, p.261. The 

correlation between the accumulation rates of Cal-g and the primary production rates was 

performed adoptins the preservation factors calculated by Bruloc~~er~mrl ThicJrsteirl [ 1984, 

p.6147 on Holocene sites, considering the sedimentary structure of the samples: the factor 

2% was considered as the threshold preservation factor between bioturbnted and 



nonbioturbated sediments. In this study, six samples from Cismon and Gorgo a Cerbara 

were studied: two Maiolica limestones, two marly limestones from the Scaglia/Scisti 

formation, and two black shales from the LS. All snrnples showed moderate bioturbntion. 

except the sample c133 atid Gc s19 from the Ls. which were respectively weakly 

bioturbnted and finely laminated. 

The accumulation rates of Corg calculated for the early Aptian satnples are in the same 

order of magnitude as the mid Crctaceous rates reported in the literature (Table 6.4). The 

samples of the Maiolica and Scaglia/Scisti show a Corg accumulation rate in the order of 

10-l -10-j g/c&/a. H owever, an accurate calculation of the primary production rate is 

strongly affected by (a) the presence of bioturbation, rendering the estimation of the 

preservation factor (~2%) difficult and (b) the presence of larger portions of terrestrial 

OM. By contrast, the samples from the LS showed accumulation rates of 0.15026 (GC 

S 19) and 0.04 g/cm’/kn (CI 33). Particularly the former laminated sample fitted above the 

preservation threshold of 2%. coincides with the highest primary production rates (order 

of magnitude 10” &%~‘/a) calculated by Bralower and Thierstein on CenomanianRuronian 

black shales from the central Atlantic and corresponding to moderate high, but not low, 

Holocene accumulation rates. The second sa~nple shows an order of magnitude smaller 

rate that corresponds to the rates reported in the literature for early Aptian and upper 

Albian samples from the equatorial Pacific. However? considering its bioturbation degree, 

hence a preservation factor <2%: a similar extent of primary production as for sample GC 

S 19 can be postulated. Considering that in the laminated sample GCS 19, the OM is mainly 

(80%) of marine origin, it can be argued that at least in the upper part of the LS the primary 

production has not been as low as postulated by Bmlm~~r and Thiemtein [1984, p.6161 for 

the entire Mid-Cretaccous. Of course, the correlation between darker and laminated horizons 

and high TOC contents with better preserved marine OIM are perhaps suggestive that oxygen 

levels (cf. also the dominance of the ichnofossil Clwrdt~ites in the LS) [i3~~7zlq rrrl~lEh&~le, 

1984, p.8737) and preservation factors were, among the other factors, controlling the carbon 

burial than productivity alone; however, productivity (carbon flux) determines the oxygen 

demand and is thus a major control on dissolved oxygen levels. 

Finally, the carbonate accumulation shows a rate smaller by one order of tnagnitutde a 

marked drop occurring in the LS and? on a minor extent. in the Scisti a Fucoidi/Scaglia 

Varicgata in comparison with the high values in the Maiolica formation (Table 6.4). In the 

LS, the drop is additionally due to the almost total extinction of the nannoconids, which 

produced 30-50 x more carbonate than coccolithophorids (“Nannoconid Crisis”, l3.1~~ 

11994. p.4911). 
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6.9.4. Scenario 4. According to a fourth scenario, although the LS represents a time of 

increased primary productivity. its deposition had no impact on the global carbon isotope 

budget. Indeed, the C)M buried in the pelagic realm. represents only a small portion ($5 

vol%) of the total OM [e.g.. Hedges crrzci Keil, 1995, p.851. Since the LS represents an 

interval of marine transgression and not highstand. its is likely that the shelves were not as 

extended and that enhanced primary productivity had not that volumetric significance. 

Sunmarizing, although the carbon isotope data throughout the LS do not provide conclusive 

evidence of either higher or lower primary production tnodes~ the former hypothesis is 

favored. The scenarios describing enhanced recycling of 1% due to the intensification of 

the thermohalinc circulation in intermediate water masses (scenario 1. l), coupled with 

changed riverine flux (scenario 1.2) and build-up of isotopically light carbonate at time of 

CCD shallowing and deep carbonate dissolution ( 1.3) appear as the tnost likely and acted 

as “buffers”, during a period of overall high primary productivity and Carp burial, to the 

increasing 613C vnlues in the ocean water. All cited scenarios may have an onset time and 

an extinction time shorter than the residence time of carbon in the oceans [Scznnieuto et 

al., 1988, p.123; Kum~~, 1991, p.3001. Accordingly, their onset and extinction may explain 

the rapidity of the isotopic events C4 and C6 (both occurring during =50-60ka). Furthermore, 

the cited scenarios are in best agreement with the paleoclirnatic and paleoceanographic 

Figure 6.39. Pnleogeographic reconstruction oftlie early Aptinn (120 My) [H O,V et nl,, i 11 press] and modeled 
main ocean circulation pattern [Bn~~or/ CIIIC/ Pctemon. 19901. ‘Ihc black circles indicate the potential sites of 
deep water production at the time of global warm Middle Cretaceous climate. 



patterns described for the LS and for the Early Cretaceous [Hq et nl., in press.] (Figs. 

6.39 and 6.40). The constant 613C values through the LS appear to document a stable 

high-temperature oceanic circulation mode which would have been characteristic for Early 

Cretaceous greenhouse episodes, resulting in the equilibrium between the export of lzC- 

rich carbon from the oceanic photic zone into the sedimentary reservoir and the import of 

12C-rich carbon into the surface ocean by intensified recycling of intermediate water. In 

this context the black shales of the Livcl lo Selli would represent the sedimentary expression 

of enhanced nutrient recycling and episodically enhanced TOC preservation factors caused 

by a peculiar Live110 Selli circulation mode. 

Since it appears likely that the LS was not a period of particularly enhanced C~rg fixation 

in the sedimentary reservoir, the early Aptian positive excursion may be interpreted as 

relative increase of Corg burial as either an absolute increase of Cq and/or a weakened 

efficiency of the carbonate production and burial [e.g., W&.re~-t md Lini, 199 1, p. 175; 

Lini et al., 1992, p.378; Ar.thr?- am’ S~7gem~777, 1994. p.53601. In the pelagic realm there 

are little evidences of enhanced burial of OM, although in the Apenzlinic Piobhico Core 

thin black shales containing mainly terrestrial OM have been described above the LS 

[e.g., E’remoli Silw et cd.: 1989, p.234; Totmghi ct al., 19S9. p.228ffJ. Also Wommm et 

nl. [in press] reported continuous post-LS cyclic high burial of OM in the Rhenoclanubian 

Flysch Zone of the Northern Calcareous Alps. Nevertheless it is much more probable that 

enhanced OM accumulation (89 wt% of total deposited Corg; Herlg’es a& Keil, 1995, 

p.851 concentrated on expanded shelf areas and deltaic plains [e.g., Walslz, et al., 19X 1. 

p. 198; QWU I& Frnmdl, 19S7, p.7Sf.f: H&es and Kkl, 199s. p.85; Bnuer nrld Dr@d, 

1998, p.4821 at a time of global sea level rise [Coop~t-, 1977, ~3.5; I?oq et al., 1988, p.971 

and on continental settings (e.g., in lakes or as peat), The importance of terrestrial OM has 

been emphasized by Habib [ 1982, p. 122] who described extended Early Cretaceous deltaic 

deposition of terrestrial OM in the North Atlantic. Moreover, production and burial of 

terrestrial biomass wo~dd have played a crucial role as sink of tectonovolcanically-derived 

CO?, resulting in a decisive short-time negative feedback medium in the C- and O-cycling 

[e.g., Amthor, 1995, p.245; Kcclirlg et nl., 1996> p.219; Cl70 ~7310' Il/oodtvnrcl, 1998, ~2521. 

In addition, recently W~issc?t.t c’t al. [199S? p. 193’1 pointed out the coincidence of the 

Late Valanginian and early Aptian positive ($13C excursions with the weakened efficiency 

of the carbonate production in shelf areas due to extended platform drownings in the 

western Tethys. Based on the calculations of W~issert et (11. [ 1998, p. 199]> the latter would 
have had a significant impact on the carbon cycle budget. The extended platform drownings 





have been interpreted as consequence of enhanced continental runoff and eutrophication 

of shelf oceans as response of enhanced greenhouse conditions and accelerated water 

cycle (Fig. 6.41). In this study, low carbonate accumulation rates were measured also in 

the pelagic environment (Table 6.3). Although on a lower time resolution, diminished 

sedimentary carbonate fluxes in the early Cretaccous were postulated also, by Budyko et 

al. [ 1986, p.52ff-j and Mcrckcr~?e ~zncl Murs~ [ 1992. p.328W-j. 

6.10. The Fischschiefer S.S. Scenario 

As discussed in Section 6.6.1.2, while the isotopic evolution of 813C,;\,-b and 8180 through 

the Fischschiefer S.S. may be attributed to diagenesis, the negative shift of the &13Corg 

signal can not be explained in the same way. As mentioned above. thermal diagenesis of 

OM normally leads to an enrichment of 13C in the remnant OM. Examples of 13C-depletiotl 

during diagenesis, reported in the literature do never show a negative isotopic shift > I - 

4%0 [e.g., Spiker and Hcrtcher-, 1984, p.28S: Decrll et 01.. 1986, p.l42ff], even when 13C- 

enriched compounds such as carbohydrates arc preferentially released during diagenesis 

[Spiker and E-lcltchel., 1984, p.288]. Significant activity of chemoautotrophic bacteria in 

anoxic sedimentary environments can result in a marked negative signal of the bulk OM 

as inferred by the presence of hopanoids with 61-?Corg - 30 to -4S%c [Gong and Hollarder. 

1997, p.5541. Hence. changing composition of hopanoids may reflect significant bacterial 

activity. However, evidences of its contribution in ancient sediments is still debated [e.g., 

Dn~zst& end Schouten, 1997. p.5271 because hopanoids are present only in 25% of the 

bacteria. Moreover, the biomarker data from the Fischschiefer s.s do not provide definite 

evidences of enhanced bacterial acti\Gty involved in sulfate reduction since no significant 

increase of the hopanoids content was measured [BKW*R et trl., in prep.; .Ienclrz~jewski~ 

1995, p.6lff]. Finally, in the Toarcian black shales showing a strong shift to negative 

613Cc~ values, evidences of sulfate reducing bacteria could neither be proven [f1lollnnder i- 

et nl.t 19931. 

One paleoenvironmental scenario may explain the peculiar isotopic trend in the 

Fischschiefer KS. considering the particular paleogeographic and -oceanographic situation 

of the Lower Saxony Basin (see paleogeographic map of Mrrttcrlose [ 1992, p.2731). The 

latter, formed during the Early Cretaceous at the southern extension of the Boreal-Arctic 

Ocean as a restricted and shallow basin characterized by periodic sea level changes. 

controlled by eustacy and tectonics, and periodic isolation-connection cycles with the 

North [e.g.? Mutter-lose. 1992.p.273; ./ci?dr:+wski, 1995. p. 109ffj. The deposition of the 
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Figure 6.41. Early Cretaceous stratigraphic context sho\vin,o the synchroneity of positive carbon 
isotope excursions and the crisis ofplatform carbonate production. Furthermore. the Late Valanginian 
and early Aptian excursions are preceded by the crisis of a pelagic source of carbonate: the nannoconids 
(NC and bold arrows: Nannoconid Crisis): la and 1 b: oceanic anosic events; V: volcanism; (slightly 
modified, the early Aptiao planktonic foraminifera and 6’YI stratigraphy. after Wksert et 01. [ 199s. 
p.193]). 
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Fischschiefer is related to a time of sea-level highstand [Mutterlose, 1992, p.274Ffl. 

Enhanced influx of fresh [Below nrltJ Kirxh, 1997, p.781 and nutrients-rich [Habermnrm 

and Mutterlose, in press:] water from the Boreal-Arctic Ocean increased the salinity 

stratification of the shallow basin (“Black Sea” model) and favored the onset of anoxic 

conditions in the lower water column, and enhanced Car-g accumulation rates [Corg 

accumulation Rates Rq: 0.8 g/m?y; primary production rate: 170 gC/m’y; Jerzdrzqjetvski, 

1995, p.SS]. Hence, although synchronous with the other LS intervals mentioned, the 

Fischschiefcr S.S. are considered a regional, rather than a global feature [Bis&@’ cz& 

Mutterlose, in press; Muttcrlosc, 1998, p. 17 17. In this context, the negative shift of 6 1 80 

in the LS (6’80: -1.5 to -3%) may be due to the increased input of light less saline water 

from the northern Boreal Area. The strong negative shift of both Sl%Z signals may have 

been be caused by an enhanced recycling of “C from the deep water columned according to 

Kiispert’s scenario [ 1982, p.493ffl of restricted basins. indeed, although the Lower Saxony 

Basin was limited in size. it is unlikely that the isotopic composition of its DIC was off 

equilibrium with the atmosphere for the whole duration of the Fischschiefer deposition 

(estimated to =60ka by ,I> I - ! mc r~.cjewski [ 199S, p. 1141 -1Ma according to Bischo#’ nrzJ 

Mutterlose [in press]). This would imply (a) a change of the isotopic composition of DIC 

and/or, (b) a change of the CO2 source: from atmospheric to advective “C -rich COz 

derived from the oxidation of sinking OM in the deeper water column. In this context, the 

change of CO;, source was possibly coupled with a shift of the habitat of the organisms 

from the surface water, dominated by COZ-exchange with the atmosphere, to a deeper 

water colurrm layer. The shift to greater depth of the restricted organisms assemblage (also 

the Fischschiefer KS., like the LS, correspond to a time of decreased diversification of the 

calcareous nannoflora) may possibly reflect a reaction to increased nutrient levels. 

Opportunistic species like Bisclrtlm s~7I’./Z~~~odiscrr,v spp,. blooming throughout the 

Fischschiefer S.S. interval and indicating hi@ water paleoftrtility may have shifted their 

habitat because of the change in water depth of nutrients availability released from oxidized 

OM in the deeper water column. The hypothesis of change of the dominant CO, source is 

in agreement with the general trend ofAOM originated in restricted, shallow and stratified 

basins showing lower 6l-?C (A1261-%~~: -6 to -12%) than AOM from open and deep basins 

[Lewnn, 1986, p. 15851. Finally, the postulated change of CO7 source would be reflected 

in the negative shift of the fractionation factor A613C (Fig. 4.13). Summarizing. the scenario 



of a rather stagnant water column in the shallow Lower Saxony Basin confirms the regional 

character of this peculiar setting. 

6.11. The Negative Shift Preceding the LS Event ((3) 

The following section will provide an interpretation of the negative shift (C3) at the onset 

of the LS shown by both &~%u% and SljC ,a-~. As previously discussed, segment C3 is not 

due to a compositional change of the OM. Indeed, through the whole LS fluctuations of 

the marine/terrestrial ratio had no or only moderate impact on 8l%Zal-h and ;jl%Z,rg and at 

C3 the OM is not particularly enriched with terrestrial OM [Decrlz et ol., 1986, p. 1401. 

Scenario 1. It is likely that C3 may be linked with increasing levels of (COz)aq according 

to Popp et al. [1989, p.443ffj. Lirli et rri. [ 1992, p.3791 and others. Enhanced volcanic 

activity during the early Aptian [e. g. Lc~rsov~. 199 1 a, p.5491 is invoked to explain the rise 

of atmospheric COz (~4 times the pre-industrial level) [e.g., fiollcmle~~ nrlcl McKenzie, 

1991? p.930; Freemur mzd Hayes, 1992, p.lc)lft+j which has been used to simulate by 

computer the Early Cretaceous climate [e.g.. BWUW I& lyLl.~Jziylgfo~~, 1982, p.106ff; 1985, 

546fQ. In the early Aptian a quasi-synchroneity between the OAE la and increased ocean 

floor spreading and basalt production at the Ontong Java Plateau (OJP) has been pointed 

out by Lnt-sovl [1991a, ~549, 1991b: p.9631. In this context it is noteworthy to mention 

that also other positive 613C excursions during the Phanerozoic tend to be prececded by 

episodes of enhanced volcanic activity and CO? degassing (613C of mantle COz: =: -7%) 

(see literature survey in Table 6.5). Indeed, as previously mentioned, the Corg reservoir is 

able to record increasing input of 1% in the atmosphere within 1OOa because of the small 

reservoir size of the latter [Ar.thut., 1982. 17.6 1; Bcvcridge am? Skrckletorl, 1994, p.27 I]. 

However, an accurate time correlation between tectonovolcanic events and the sedimentary- 

isotopic events is difficult: the duration of the former is difficult or impossible to date and 

their onset often remains uncertain, with few exceptions (e.g., Parana volcanism in the 

Late Valanginian) [Stelr*nl-t et 01.: 1996, p. 106:]. A recent correlation between more precise 

absolute dating of the OJP emplacement and magnetostratigraphy of the Cismon-Apticore 

revealed that the OJP precedes the OAE la by -1My [Lnrsor~ md E&l, in prep.]. 

Furthermore, the episodes of high Lrolcanic activity last much longer (l- 10 Ma; Table 6.4) 

than the short C3 segment (-70ka). leading to the conclusion that the negative shift cannot 

be attributed uniquely to a punctuated enhanced flux of CO, in the atmosphere. 
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Scenario 2. It is more likely that different sources ofCO2 were contemporaneously active: 

a) volcanic [e .g Lc~rsm, 1991h. y.964; Calcleim md Rmjqirlo. 1991, p,.9S9], b) riverine 

[e.g., Kunzp, 1991, p.3011 and, c) derived from the oxidation of enhanced fluxes of OM 

through the water col~~n~n at a time of still high oxygen levels in the deep water column; 

indeed segment C3 coincides, at Roter Sattel and &rsO a Cerbara, with the occurrence of 

the “green member” at the base of the LS. as confirmed by the isotopic data from the 

Appennines, where the member has been defined. indicating a possible relation between 

the oxic-suboxic conditions. the lower TOC amounts and the low 613C values. FurthermoreY 

the duration of the negative peak appears heterogeneous. Indeed? the negative trend of 

81% represents a much larger portion in the more condensed L,S at Roter Sattel and the 

Apennines, than in the more extended LS at Cismon. This discrepancy would support the 

hypothesis of a global signature strongly affected by local paleoceanographic parameters 

such as circulation and sedimentation rates. The coincidence of the negative ;jl%Z peak 

and the presence of condensed phosphoritic horizons in positive &l%Z excursions of the 

Late Valanginian (Kllhl?, 1996, p.951 and the Miocene [Mufti et nl., 1997, p.1231 are in 

agreement with intensified paleocirculation: increased continental runoff(e.g., of Fe-bearing 

minerals binding phosphorus in the crystal lattice). 

Scenario 3. Recently, the sublimation of large amounts of clathrate hydrate of methane (a 

solid composed of CH4 and water (S13C of CH+ = -2S--50%: e.g., Cnlimov, 1985, p. 18) 

in continental slopes of upwellin g areas (content in the order of 11 x IO” g C; Kverwolden 

11993, p. lSO]), has been invoked to explain the sharp negative shift characterizing the 

Late Paleocene Thermal Maximum (,LPTM) [Dickms c~f ~rl., 1997, p.2611. At the LPTM, 

the observed negative 6&Y shift is of -2.5 - -3.5%~ and lasted -lOka. Furthermore, during 

the drilling of ODP Leg 17 1 b through Early Cretaceous sediments at Black Nose (W 

Atlantic) large atnounts of outgassing methane were observed [Kr~on et al., 1998, p.26’1. 

The latter finding and other ODP reports (review in K~~~~~olr/uz [ 1993, p. 1781) confirm 

that storing and sublimation of clathrate hydrates of methane in the sediment pores may 

represent a concrete and significant source of light carbon. The outgassing may be attributed 

to the decrease of the lithostatic pressure (during the drilling) or to the warming of ocean 

water masses. In the latter context. a significant warming during the late Barremian-early 

Aptian wo~~lcl have exceeded a threshold level above which the stored methane began to 

sublimate (R, Opdyke, Australian National Uni\rersity, Canberra, pers. COIIII~., 1998). 

However, the variable and longer duration (SO-70ku) and the limited extent (A613C z-1, 



and up to -2.0% according to C2 top of OJX/J&~ [ 1997, p.37 l] of the negative peak recorded 

in this study do not correspond to an explosive event as postulated for the LPTM. Finally, 

the lack of any direct evidence, in the early Aptian sediments. of sublimation of clathrate 

hydrates of methane reflects the high speculative character of this hypothesis. 

The increase of dissolved (COl)q in the oceans described in the Scenarios 1 and 2 would 

have lead to a proportional increment of the discrimination factor of‘pllotoautotrophs [e.g.. 

Hayes et cd., 1989, p.2967ff‘; Popp et nl.. 1989. p.444ff; Rrru et crl., 1989, p.5 191, resulting 

in the increase of AIs13C (AZ?). Accordingly. the subsequeut abrupt decrease of A61%Z 

during C5 and its slight decrease during C&C7 may reflect an overall decrease of (C02):1q 

availability due to its consumption by enhanced primary production. In this context a 

similar pattern of’ AS13C, resulting from a time lag between the isotopic pattern of Ccat% 

and Core has been described in the Valnnginian by Lini rt nl. [1992, ~3791. They interpreted 

the decreased A61 %Z as due to the change of CO2 source for photoautotrophs from dissolved 

CO;! to F’IC03 (more positive) because of the reduced availability of (CO&q due to 

enhanced primary production in the surface oceans. The time lag would therefore represent 

the time during which (CO~)aq was drawn down to a threshold level, below which the 

bicarbonate pump became significant. 

6.12. Paleoenvironmental Significance of SW3 

Although the 6’ *O ofcalcareous nannofossils is more sensitive to postdepositional chauges 

than &I%, both genera1 trends 0 1 and 02 are believed to reflect significant primary changes 

in the isotopic composition of the Tethyan ocean surface water. The 6’ 80 signnturc measured 

in calcareous organisms (6’ 80) is controlled by different effects [Herge~. mcl Garcl’rrer, 

1973: 

6’ 30 = (A~)~~~c+(AS)i~+(ilsa)cI,+~A~O)~it.+(A~~~)~ +(A&’ ~O)pnrt.clissoi. ’ 

Measuring bulk samples, an additional diagenetic effect has to be considered. The estimation 

of the three latter effects is difficult, but it is widely accepted that they should have a 

negligible inllumce on bulk 61 SO. 

The trend 01 preceding the onset of the LS (A116180 = -I .O%) may indicate a warming 



and/as a salinity decrease of the superficial water mirroring the intensified greenhouse 

conditions during the late Barremian-early Aptian. The early Aptian positive @%I? excursion 

(C6 and base of C7) coincides with a trend to more positive &lx0 values (02). 02 shows 

an amplitude of A6 I SO: = t-1 .S%C, if only limestones or marly lithologies arc considered, 

and may indicate a cooling of the Tethyan surface water, lasting approximately the duration 

of the S13C excursion. lising the equation of Et-t:z rmcl Llrz [ 19831’ to calculate the absolute 

temperature of surface water, considering the absolute 81s0 values at Cismon, the shift 

0 I coincides with a gradual temperature iticrease from = 23 to 28°C until the onset of the 

LS, whereas segment 02 indicates a cooling from 2S to <15”C. An initial surface water 

temperature of 23°C at 25” paleolatitude agrees well with the recent GENESK OGCM 

5 0 ~-....l-..".. .l----^ ---- _._.._...__I_._._ l._" ..,^__,___l__l_ ___I__ 

45 Average Ocean Salinity: 37.5 (ppt) 
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Figure 6.42. Estimation of the s~face ocean temperature and average ocean 
salinity evolution during both trends 01 (light shaded triangle) and 02 (dark 
shaded triangle) within the average salinity values estimated for the Early 
Cretaceous [Hfgl et nl., in press.] and the measured oxygen isotope values (light 
shaded square). The value “a” represent n late Hnrremian-early Aptian (= begin 
of 01) average value of S’“0. value “b” represents the average of the lowest 
reached at the end of 0 I. Value “c” represents an average of the less negative 
values reached at the end of 02. The average oxygen isotope data are from the 
Cisriion section. 5”: salinity 

simulations of DcCmto et ~1. [in press; see also HOJ’ et al.. in press, for a summary; 

F&es et c/l., 1994]. Similar early Aptian temperatures coinciding with trend 01 were 

calculated at the Bedoulian stratotype section at La Bddoulc, France. using the equation of 

Epsteiit et ~1. [19531 [Ktrhrt rt (71., in press.]. 

Figure 6.42 illustrates the relation between ;jl~Ooarh. temperature and salinity, in order 

’ T”C = 17.0452 (6”Ocnrt,-6’*0,~)+( 6 ‘80,,,-b -~‘“OLV)~’ T”C = 17.@4.53 (ij’80,,rt,-@0,)+( ij 180,ar,, 
-F’“Ow)’ 



to test if both trends 0 1 and 02 are due uniquely to temperature or salinity Fluctuations in 

the surface water or to a combination of both parameters, following the approach of 

Rnilsbmk et al. [ 1989, p.586ff]. The values of 8180~; were corrected considering an average 

Early Cretaceous ocean salinity of 37.5 ppt [Ha?, et ctl., in press]? and a surface water 

salinity of 27 ppt [Roilshcrck c>t 171., 1989, p.5901, ice-free poles [Hay c-,t nl., in press], a 

surface water Ai16 IsO/ Asalinity gradient of 0.3. The latter paramctcr mirrors the latitudinal 

dependent evaporation-precipitation ratio, varying within distinct ocean basins. The value 

0.2 was selected for this study and corresponds to an average value between modern 

equatorial Atlantic surface water and Mediterranean or Red Sea surface water, Rnilsbnck 

et al. 11989, p.S86]) and the secular S180 trend calculated by Vti:er. nml Flmfi [1976, 

p. 13891. Although all reconstructions of Cretaceous temperature based on 6’8O,;,,b are 

characterized by errors of parameterization and low time resolution? Figure 3.42 reveals 

that both trends 01 and 02 can not be due uniquely to salinity changes, but are due to a 

combination of changing surface water temperature and average salinity. It is noteworthy 

that trend 02 involves, beyoncl a water cooling, a more significant change of salinity than 

trend 0 1. 

After A4uttdosc [ 1992, p.274ff], the period following the deposition of the Fischschiefer 

S.S. was characterized by a strong influx of Tethyan floral and fauna1 assemblages into the 

Boreal realm (calcarcous nannofossils, planktonic and benthonic foraminifera, 

cephalopods). The new migration pattern was facilitated by the opening of sea-connections 

(e.g., the English Proto-Channel) [hlzrtterhc, 1992, p.2731 as consequence of a global 

sea-level rise [FZlrq et [II., 1988, p.971. Furthermore. the palynofacies at the Cismon-Apticore 

indicate the abrupt onset, immediately after the LS1 of an interval lasting approximately as 

long as segments C6 and C7 and marked by a dominance of bisaccate pollen species of 

Boreal origin [Hoclzrrli et ~71.. in prep.]. Its abrupt beginning suggests a link between this 

interval and a peculiar pnleocirculation pattern or a global temporary climatic cooling 

event, marked by the influx of colder water masses from the Boreal Realm. As supporting 

evidence, also the calcareous nannoplankton assemblage in the Cismon-Apticore is 

characterized by the increase of one order of magnitude (E. Erba, Iiniversity of Milan, 

pers. comm., 1998) of E.f7omlis. E.,flomlis was described by Rot11 [1986> p.3001 to OCCLU 
in the Middle Cretaceous only at latitude >SO 0 . In this context. cap-ice build-up, mirrored 

by the increase in water salinity, is difficult to estimate although model calculations have 

demonstrated that a the onset of intensified greenhouse conditions and increasing 

precipitation rates continental cap-ice will be build-up, rather than melt [$Varl.ick, 19931. 

The hypothesis of ice build-up in the Boreal area may confirm the Middle Cretaceous 



positive precipitation balance on the poles predicted by Barron and Moody [ 19941. 

6.13. Summary and Conclusions 

The structure of the high-resolution 6 13C,:lrt, and ii 13Grg curves through the early Aptian 

Livello Selli (LS; equivalent to OAE la) is essentially identical at two different sections 

(Roter Sattel and Cismon), and highly reliable at two further sections (Gorge a Cerbara/ 

Apecchiese and Les Sauzi&res) from the western and eastern margins of the Alpine Tethys. 

This rules out diagenetic artifacts or local facies controls. 

The 81%3~,-11 and 613Corp curves can both bc divided into tight segments at all localities 

(C 1428); 2 of these segments are from the lower Aptian C. hlolc$ zone, and 6 from the 1,. 

cahri zone indicating significant subzonal resolution (215-20 ka). Some of these segments 

can be identified in previously published early Aptian SL3C records from other areas. 

The S~%ZGU% and 613C~rg curves can be used to define a chemostratigraphic Selli event 

as the stable interval (segment CS) that OCCLKS between the first and second abrupt step- 

like positive shifts that precede the main early Aptian positive excursion (Cismon event). 

Thus defined this interval includes the main part of the lithostratigraphically defined LS at 

the study localities. The cyclic OM-rich and OM-poor sediments of the LS were thus 

largely deposited during a period (=50Oka to 1Ma) of unchanging carbon-isotope values, 

rather than during an interval of positive excursion (as was previously inferred from earlier 

low-resolution studies). 

The isotopic uniformity during the chemostmtigraphically defined Selli event probably 

reflects an equilibrium between enhanced Corg burial, increased recycling rates of IZC- 

rich intermediate water, and intensified flux of isotopically light weathering-derived riverine 

DlC. The equilibrium represents the consequence of an extreme but stable mode of 

intensified deep and intermediate water circulation of early Aptian low to intermediate 

latitude oceans, where Milankovitch periodicity was a f’ctrther, but not dominant, forcing 

factor. 

The new mode of circulation was triggered by global warming at the time of elevated 

atmospheric CO? levels, which favored warm temperatures and extreme salinity contrasts 

in the Aptian ocean at a time of accelerated hydrological cycling. The low 6180 values 

measured in the IS (end of 0 1) could confirm warmer (+5”C) surface ocean temperatures 

and decreased salinity levels due to enhanced continental runof?‘. The decreasing of S13Corg 

at the onset of the LS (C.?) and the increase of the factor A513C (AZ) reflect enhanced COZ- 

levels in the ocean water. 
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The black shale circulation mode expressed in the Live110 Selli did not contribute to 

major changes in the marine carbon isotope budget. The steep positive shift observed in 

the S13C curve above the LS indicates a major destabilization of carbon partitioning in the 

Aptian ocean not linked with the deposition of the LS. It is likely that the major positive 

excursion reflects a time of weakened Ccarb fixation coupled with extended Corg burial in 

shelf areas flooded by the early Aptian transgression. 

Nevertheless, the Livello Selli mirrors a time interval of ocean water eutrophication as 

mirrored by the dramatic fauna1 and floral changes occurring during its deposition. The 

dominance of marine OM, the low Ijl%Vcq and the relatively high accumulation rates of 

C&g confirm that the ocean fertility and the primary production were moderate to high 

during this period. 

The negative shift at the onset of the LS (C3) coincides with the “green member” 

described in the Apennines. It su,, ooests that the onset of the LS was characterized by still 

persistent oxic conditions at a time of high primary production and nutrients fluxes, leading 

to the release of high levels of ‘“C-rich carbon in the Lvater column. The lithofacies- 

controlled length of C3 excludes a direct. but not indirect. link with enhanced volcanogenic 

CO2 input in the atmosphere. 

The positive shift (02) of 8ls0, immediately subsequent to the LS marks an abrupt 

cooling of the ocean water, coincident with the steep gradient of the positive S*%Z excursion 

(C6 and begin of’ C7). The contemporaneous occurrence of an interval characterized by 

the dominance of bisaccate pollens of Boreal origin in the OM and an increase of the 

chlorite/illite ratio, confirm the increased influence of northern cooler water masses and/ 

or the abrupt onset of a global climatic cooling period. 

Finally, it has been identified that initial negative 61;C shifts (C3) and periods of 

stabilization during the greatest 61;C gradient (CS) are a common feature of Mesozoic 

and Cenozoic positive SI3C excursions regardless of whether or not they are associated 

with black shale deposition. Particularly the identical duration of segment CS (400ka to 

I Ma) in the different reported records and the coincidence of periods of enhanced lithosphere 

production with positive 6l”C events, suggest the hypothesis of a peculiar response of the 

oceanic circulation mode to a volcanically induced perturbation of climate. 
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7. THE REMOVAL OF THE ORGANIC MATT 

7.1. Introduction 

Unless the OM in claystones is removed, clay mineral properties like cation exchange 

capacity (CEC), expandability with ethylene glycol (Fi g. 7.1 a-c)? water absorption or the 

mechanical behaviour are difficult to determine. Since most of the samples investigated in 

this study contained significant amounts of OM, its efficient removal was topic of intense 

investigations. 

Tn the following chapters, the. results of traditional methods of OM removal and a new, 

more efficient alternative method are presented. 

7.2. Preliminary Investigations 

7.2.1, Materials 

Preliminary investigations were performed to test the traditional methods of removal of 

the OM. For this p~qosc. the bulk material and the fraction <2 Lun of the “black shale” 

GC S17 (LS, Gorge a Cerbara Section‘) has been used as the starting material (TOC: 15 

wt%). The fraction <2 cun of GCS 17 has been separated by sedimentation in double 

deionized water in Atterberg cylinders. Its TOC content was determined to be 10.9 wt%. 

The maturity of the OM was determined by a pyrolysis TWCIS value of 427.0”C which 

corresponds to a vitrinite reflectance of RVO -0.35. The ~2. pm fraction qualitatively 

determined by X-ray powder diffraction and quantitatively by FTlR spectroscopy mainly 

contained quartz (24 wt% &3%). illite and mixed layer 1S (70 wt% rt7.S%), chlorite (5 

wt% 3-396) and a small amount of pyrite (<I wt%). The sample was free of any carbonate 

minerals. 

7.2.2. Methods 

The most frequently used technique of oxidation of OM in geosciences is the hydrogen 

peroxide (Hz02) treatment. A description of the oxidation method modified at p1-I 5 for 

soil treatments and suitable for clay mineralogy has been give11 by .Iackson [ 1956, p.3 1). 

30 % Hz02 was used and the clay suspension was stabilized at pH 5 with a sodium acetate 
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Figure 7.1 a-c. Effect ofremo~xl ofOM on X-ray diffmctograms ofditi‘erent 
size fractions of sample CiC S 17. The removal ofthe OM improves the quality 
of clay minerals reflections, particularly in the whole material and in the 
finest fraction CO.2 pm. In the former case after removal (Fig, ?. la), the from 
quartz high diluted clay minerals amount is separated from the q~mtz-OM- 

clay aggregation, whereas in the tkst fraction, shobing the highest OM 
content. the effect of‘arnorphow and coating OM is eliminntcd (Fig. 7. lc). In 
both cases, the elimination of the coating effect permits an improved 
orientation ofthe clay particles. i.e. increased (OOl)-reflections intensities. 
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buffer. The samples were not dispersed by ultrasonic treatment. During oxidation, the 

sample was kept in form of a paste with a minimutn water content. DoubIc deionized 

water was periodically added to maintain a constant HzO?/water ratio. The reaction 

temperature was maintained constant in a sand bath at 60-80 ‘C and the net oxidation time 

was of 4 to 12 hours until no further bleaching of the sample was observed. After the 

reaction, the samples were washed three times with a sodium acetate buffer at pH 5 , two 

times with a sodium acetate buffer at pH 7, two times with double deionized water and 

finally dialyzed 48 hours in double deionized water to remove any salt traces. 

Among the hypohalous acid salts, sodium hypochlorite (NaCIO) is the most frequently 

used for the oxidation of OM because of its higher oxidation potential. Anc/ersor~ [ 1963, 

p.3821 presented a modified treatment with NaClO at pH 9.S suitable, for clay mineralogical 

investigations. According to Anderson, this method shows a higher efficiency than the 

treatment with HlOz, and does not affect the clay particles. The reaction temperature was 

95 “C and the net reaction time 45 min. The procedure was performed on the same sample 

up to three times. Prior to each treatment, the clay material was dispersed 3 min. with 

ultrasonic treatment (20 kHz). After the reaction, the sample was washed three times with 

a 2 vol.% sodium carbonate-sodiunl hydrogen carbonate solution (pH 9.5) and three times 

with double deionized water. 

Enzymatic proteolysis using different modifications of the enzyme Pmnnsc (an extract 

of Streptomyces grisezrs), has been described as an efficient method of OM removal for 

micropaleontology [Keller, 198 1, p.2701, since no acid is liberated during the treatment. 

Therefore, the microstructure of calcareous organisms is maintained. The treatment was 

performed according to Keller [ 198 1, p.2701. Promse (Pluka). instead of Prorzase R [Keller, 

198 1, p.2701, with an activity of 6 Ulmg (U: proteolytic unit; determined at 40 “C and pH 

7.5) was used. Prior to the reaction, the samples were dispersed 3 min. by ultrasonic 

treatment. The enzyme/sample ratio was adjusted to the specific proteolytic activity of the 

enzyme used in this study. The pH of the reaction was 7.5, the temperature 40 “C and the 

net reaction time 6-48 hours. The sample solution was constantly slowly stirred using a 

magnetic stirrer. After the reaction, the samples were washed three titnes with double 

deionized w&r. 

The principles of low temperature ashing (LTA) in a cool plasma asher by oxygen and 

ozone were described by Weit [1962> p.3 151 and Gleit mcl Holl~771d [ 1964, p. 14551. LTA 

was performed in a Plnst,lr7-P).~,,7cssol- z&)-G (Technics Plasma GtnbH; gas pressure: 1 

mbar; electric field frequency: 2.45 GHzI, The used cool plasma asher had a capacity of 

I O-15 samples. The processing power was varied between 250 and 300 W (corresponding 



230 Section 7. The Removal of the Onymic Mcctter. 

to a temperature of - 100- 120 “C), the oxidation time varied between 6 and 72 hours. Prior 

to the oxidation, the clay material was air dried 14 hours at 110 “C, afterwards gently 

ground in an agate mortar. In order to improve the access of the ozone in the intraparticle 

sites of the clay material. the arca of some selected samples was increased by freeze- 

drying [e.g., Stepko~\*sktr et al., 1995, p. 1767, usin g a CJit+st C40/CIirist Alpha I-G 

equipment. At the end of the oxidation, after cooling to room temperature, the samples 

were gently ground in an agate mortar. 

7.2.3. Results and Discussion 

A summary of the results of the preliminary investigations is presented in ‘able 7.1. For 

all procedures, the lowest final TOC amount was measured after three consecutive 

treatments of the same sample, i.e. after the longest net reaction time. 

The oxidation with the buffered H$I~ solution allowed a better yield for the oxidation 

of the whole material (85.5 %) than for the treatment of the fraction ~2 ctm (15.9 %). This 

is not surprising? since the particles of the finest fraction easily build aggregates which 

hinder the complete access of the hydrogen peroxide to the OM. Summarizing, the yield 

of this treatment was not satisfactory, since no more than S5.8 % of the initial Corg were 

removed (Table 7.1). According to Fcrmer nrrtl Mit~l~~ll [ 1963, p.2271, the efficiency of 

this method, between 95 to 20 % of the Carp initially present in soils, is strongly dependent 

~rpon the OM type. According to the same authors, when the reaction was buffered at pH 

5, the structure of clay minerals was not affected, although they observed the presence of 

oxalates after the treatment. High HzOz/water ratios or a \veakly buffered system led to 

changes and degradation of clay minerals ~Dl-o,r~l~~~~~~tti Milrs, 1938, p.392; Douglns amI 

Fiessinger, 1971~ p.671. Moreover, for chemical and/or isotopic analyses of clay minerals, 

the retnnant S-80 wt% of Cork may strongly affect the analytical results. Finally, because 

of the long oxidation times (hours to days). this procedure is not suitable for routine removal 

of the OM and clay minerals investigations. 

The best oxidant, sodium hypochlorite, allowed yields of OM removal of 83.2 and 93.1 

% for the whole material and the fraction <3 elm respectively (-Table 7.1). The improved 

efficiency of removal from the finest fraction, visible by the strong bleaching of the sample, 

may be attributed to the repeated ultrasonic treatment. 

The enzymatic proteolysis using Prmnse appears to be not indicated for the treatment 

of clay minerals-containing sediments. since only 75.5 % of the initial CWg were removed 

from the finest fraction and 73.3 % from the whole material. Furthermore, this method is 
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only efficient for the treatment of small samples. For routine removal of the OM or large 

sample amounts the method is rather slow (6-J-C hours) and expensive. 

LTA allowed good yields: 9 1.47 and 92.6 % of the initial 01.g were removed from the 

whole material and the fraction <2 lam respectively (Table 7.1). However, the investigations 

confirmed that this method is recommended only for small sample amounts (optimal mass: 

30 mg, see also Taikh 11990, p.731). since the ozone flow acts only at the surface of the 

sample. Indeed, after each treatment, the lower part of the satnplc was still dark coloured, 

indicating an incomplete oxidation of the OM. Freeze-dried samples showed a more 

efficient, but not complete, oxidation only after the first oxidation step. indeed, after gently 

grinding, the whole sample reached its initial dark colour and its compacted texture and 

the oxidation had to be repeated at least twice. L,TA has been adopted with success by 

Ghskoter [ 1964, p.2901 for the oxidation of bituminous coal and may represent the most 

efficient methocl of oxidation [Trkb, 1990, p.73ff]. Furthermore, clay minerals and 

phyllosilicates are not affected by LTA [Szrlcek clrltl E’O\Y&IYJ, 1989, p.280; Taikh, 1990, 

p.76ff; Rorner, 1993, p.l26ff]. However, among the used treatments, LTA is the only 

procedure oxidizing air-dried material. This processing feature represents an inconvenient 

approach for clay minerals because of their tendcnce to aggregation. Indeed, the latter 

hinders the access of the ozone flow to the intraparticle sites. A further inconvenient of 

this method for routine oxidation is the long duration of oxidation required: between 6 and 

700 hours [Glcrskotu, 1964, p.2S7, 7hi’&, 1990, 17.7-t]. The duration of oxidation is 

dependent upon the type of OM and is inversely proportional to the power of the high 

frequency generator which can be adjusted between 40 and 400 W. The power determines 

the temperature in the plasma asher which is 60-70 “C at low power (-40-150 W) and 

reaches 190-200 “C at high power (-150-400 W) because of the enhanced exothermic 

reaction due to OM burning. Finally, the equipment required for L,TA is expensive. 

7.2.4. Summary and Conclusions 

The traditional methods described in the literature such as the oxidative methods by means 

of hydrogen peroxide, sodium hypochlorite as well as enzymatic proteolysis and LTA did 

not allow satisfactory yields during the removal of the OM. Therefore, a tnore efficient 

method of removal was required. 

It is known from the literature. that organic molecules arc strongly adsorbed on the 

surface as well as in the interlayer space and on the edges of clay minerals [e.g. Perez 

Rodriguez ct crl., 1977, p.250, Kcil cf al., 1994> p.5511, Therefore, to reach the complete 
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removal of the OM, the removing agent has to have access to the sorption sites of the clay 

mineral particle. The numerous tilme-consuming oxidation-grinding cycles during L.TA 

confirmed that a good access to the sorption sites can only be obtained if the clay material 

is well dispersed in aqueous solution and in addition by ultrasonic treatment. The latter 

permits to increase the external surface area of clay minerals which normally build 

aggregates. 

Hence, the new method of OM removal should possess following features: 

a > Oxidative property: since the kerogcn fraction of the OM, mainly keogen, present 

in sedimentary rocks is not soluble with organic solvents [Forsmrt cud Hmt, 

1958, p. 1701, it has to be oxidized. 

b) An enhanced yield of OM removal (more than 93 %) in comparison with the yields 

reached by the traditional oxidative methods. 

c> An aqueous medium permitting the dispersion of the clay material by ultrasonic 

treatment. 

4 A reaction pH (between 5 and 9.5) which does not affect the clay particles. 

e> It should be rapid. economic, and not harmful. 

7.3. A NEW, EFFICIENT METHOD FOR THE REMOVAL OF OM FROM CLAY- 

CONTAINING SEDIMENTS 

7.3.1. Introduction 

IJntil now there has not been an efficient way to remove the OM under pH conditions, 

ranging from 5 to 10. at which clay minerals should remain unaffected [Strulz?rz, 1992, 

p. 157ft‘; Hmrtg nrzn Keller, 1972, p. IS 11. The removal with different traditional techniques 

known from the literature (hydrogen peroxide. sodium hypochlorite, low temperature 

ashing, enzymatic proteolysis) was performed but did not give satisfactory results: 0M 

was still present mostly in the finest size fractions 0.1-0.2 arid CO.1 pm. This is not 

surprising, since particle size fractionation by ultr~~centrifugation involves a simultaneous 

relative density fractionation. Kcrogen has an average density of -0.96- 1 .G g/cm3 [QXVL, 

1995, p. 4651, i.c. considerably minor than the density used for the time calculation of 

settling clay particles (2.65 g/cnG. i.e. the, density of quartz). Therefore, at 

ultracentrifugation times calculated for the fractionation of clay minerals, kerogen 

systematically concentrates in the supernatnnt solution. 
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Disodium peroxodisulfate (Na&O,, DPD *) is a well known oxidant and bleaching 

agent used in the industry. The Eh of the reaction SzOs2- + 2e- EG== ~2304~ is 2.05 V 

(pr = 35.98; at 25 “C and 1 atm; e.g.. Wenst rud Astle, 19X0, pp. D 155Dl60), i.e. higher 

than the potential of the reaction involving H20~ (II102 + 2H+ -t- 2e- =G= 2H20; 

1.776 V) or NaC10 (CIO- + H20 + 2e- GZ= Cl- + 2OH; 0.841 V). The oxidative 

removal of OM with a solution of DPD activated by sulfuric acid has been described by 

Brunner [1897, p.2801, Rock [1972. p. 176ff1, and Gq~cr nvulZmcmi [1974: 74ffl. However> 

the yields are relatively low for clay-containing rocks or soils. Furthermore, the very low 

pH (1 to 2) described in the literature is not indicated for oxidative pretreatments on clay 

minerals because it can cause their dissolution [e.g.. S~WW~, 1992, p. 157ff]. 

7.3.2. Materials 

In order to reach optimization. the new method was tested on the same sample used for 

the preliminary investigations (see Section 7.2. I). Moreover> the efficiency of the optimized 

oxidation method was tested on the fraction <2 pm of different types of Corg-rich sediments 

(Table 7.2). The oxidizing reagent was an aqueous solution of disodium peroxodisulfate, 

(puriss. z.A. MERCK) in combination with a buffer (all puriss. p.a. FLIJKA). 

7.3.3. General procedure 

200 mg of the OM-rich clay fraction of GC S 17 were dispersed in 70 ml of double deionized 

water by ultrasonic treatment. DPD and a molar amount of the buffer were added by 

stirring and diluted with water to a total volume of 150 ml. The mass ratio II = g Na&08/ 

g sample was varied between II= 1 and U= SO. The pH was measured and the mixture was 

heated up to the reaction temperature. The pH was monitored by a @H-electrode and the 

color of the organic-clay suspension was taken as a sign of the reaction state. The reaction 

was stopped when no further bleaching was observed or when the pH dropped below 5. 

The mixture was cooled and centrifuged. the supernatant solution removed, and the clay 

washed several times with 70 ml of double deionized water until it was dispersed 

completely. A few drops of 10% calcium chloride were added to flocculate the clay and 

the washing procedure was repeated until total elimination of sulfate ions. The presence 

* The non-standard abbreviation “DPD” is used only in this study 
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of sulfate in the removed supernatant solution was tested by addition of a few drops of 1 

A4 barium chloride. 

Traces of carbonate formed during the reaction were removed by addition of 50 ml 

0.01 A4 hydrochloric acid to the clay sample dispersed in a volume of 50 ml water. After 

decomposition of carbonate, the sample was washed 5 times to reach neutral ~1-1. 

The theoretical amount of DPD required is: 

For carbon: 

0 C+ 2Na,S208 + 2HlO + CO2 t 4NaHSOJ 

or for methylene groups: 

II) :CH2 + 3NazSzOs t 2HlO +, COG+ 6NaHSOA 

Two moles of DPD (molecular mass: 238 g/mol) oxidize one mole carbon (12 g/mol) 

to carbon dioxide. Therefore, for a complete oxidation a mass ratio DPIYOM of 30.7 is 

needed. Hence, for CH2-groups a mass ratio DPD/OM of Sl is necessary. For a Corg 

content of about 11 wt% an amount of 4.4 g to 5.6 g DPD/I g organic clay should be 

sufficient to oxidize the whole OM. Partially oxidized functional groups such as COOH 

or COH, would require less amount of oxidant. 

The optimal efficiency of DPD in combination with a buffer was determined using 

different oxidant/sample mass ratios 72 (see Table 7.3). During the reaction 2 moles acid/ 

mol DPD were generated (equation (I)). The mass ratios buffer/oxidant were chosen to 

adjust the pH between 6 and 10. 

1. 

2. 

3. 

sodium hydrogen carbonate, NaHCOs: 1.1 g/g DPD (3 moles buffer/mol oxidant). 

disodium hydrogen phosphate dodecahydrate, Nn~HPO,~. 12H,O; 4.0 g/g DPD 

(2.66 moles/mol). 

disodium tetraborate decahydrate, NQ3~07’1 OHzO: 9.6 g/g DPD (6 moles/mol). 

Experiments with various mass ratios oxidant/sample at a constant temperature of 80 

t-2 “C were performed to determine any possible sell-decomposition? of DPD. Furthermore, 

to prevent self-decomposition of the oxidant a mixed solution of DPD/buffer was added 

dropwise to the sample during the whole reaction time (Table 7.3). 

To check the role of the pH, oxidation at a low pI-I was carried out using disodium 

hydrogen phosphate as buffer with II = 30. The starting pH of 3 was acljusted by adding 

few drops of phosphoric acid. At the end of the reaction a dark organic film was still 
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visible at the surface of the solution. 

The TOC-content of the oxidized samples was measured with a (;‘nrLo Et&t CNS 

Nitrogen A?dyzer- lSO0 (reproducibility better than 0.1 wt% absolute value and minimum 

detectable value 0.01 wt%). Sulfanilic acid was used as a control standard and vanadium 

pentoxide as combustion catalyst. 

73.4 Results and Discussion 

The remaining Cor$ content after one oxidatilre run and the yield of the reaction for different 

mass ratios oxidant/sample and different buffers are shown in Table 7.4. The TOC data 

represent the average value of three measurements. Figure 7.2 compares the efficiency of 

the three different buffer systems at varying mass ratios DPD/clay sample. The best results 

for all three buffers were obtained using a mass ratio DPDklay ~2 30. The Cog content 

11 py------ -..---lll. .--.-_." *.-.--l- _____ --- ---".l 

Buffers: 

Na2H2P04. 12H20 

e 0 Na2B407.10H20 

A 
A NaHC03 

0 
e 

A pJ * 
A e$ &I . ..-- -----+----+ A --.- - .-.._ -~..” .._. ..-+--- ~.-.- 

0 10 20 30 

mass ratio Na $$08/sample 

40 50 

Figure 7.2. Remaining Coy content ofsample 1 afkrone osidativc step using buft‘ered DPD solution 
as a function of the ~XISS ratio Xa,S,C), /clay. ~&lass ratio bufferXa,S.,Ox : 1. L’l for NaHC03; 4/l 
for Na,HPOLI. 1211-X); 9.61 for Na,6,07. 1 OH,O. 

- - 
_. 

decreased strongly between the ratio 2 and 10. The use of sodium tetraborate and sodium 

hydrogen carbonate as buffer showed the best results. The former is less convenient because 

of its low solubility at room temperature. Using sodium tetrahorate. the freshly oxidized 

sample has to be washed and centrifuged Lvith hot water. 

Deactivation of the oxidant DPD by thermal decomposition is evidently not important 

because reactions at 80 “C and 98 “C gave similar results (Table 7.4). 
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Figure 7.3 shows the pH evolution during the reaction period. With sodium hydrogen 

carbonate and disodium tetraborate decahydrate the pH remained alkaline. The final ~1-1 

with sodium phosphate was lower than calculated. The reason has not been clarified. As 

pH is above 5 the destruction of the silicate layer was at the detection limit. Analysis of 

the supernatant solution by Flame Atomic Absorption Spectroscopy, showed a loss ~3 

mg silicon and ~2 m g aluminum from a 500 mg sample. The X-ray powder diffraction 

pattern was unchanged. 

The sharp decrease in the Carp content at an oxidant/sample mass ratio between 2 and 

10 corresponds to the calculated theoretical ratio between 4.4 for high aromatic arid 6.5 

A NaHC03 T=98 
0 NaHC03 T=80 “C 

e 

0 NaHC03 dropwise addition T=98 ‘Co 
0 Na2B4@. 1 OH20 T=98 “C 
* Na;lHP04.12H20 T=98 “C 

~~ ---..-.- -11 .._ l.-- _.-.... - . . ..-. -- ---“.--.- 

0 5 IO 15 20 25 30 35 40 45 50 55 60 65 70 

Time (minutes) 

for aliphatic compounds. This also indicates that no significant decomposition of the 

oxidant occurs. However, an oxidant/sample ratio of& 30 is necessary to reach a removal 

of 98% Corg. 

The buffer plays an important role, because it determines the rate and the degree of the 

reaction (Table 7.2). Two mechanisms can be postulated: 

a) The higher pH (unlike the chosen low pH conditions in earlier literature) increases the 

solubility of partially oxidized organics by cleprotonating the carbonic acids. This is in 

agreement with the observation that oxidation at a low pI-I yields a black dusty film floating 

on the oxidation solution. Moreover, at alkaline pH the clay remains dispersed and the 

coagulation by edge (positively charged)/ face (negatively charged) contacts can be 
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avoided. 

b) The buffers are edge-active substances, which are able to bond at the edges of clay 

minerals and consequently to displace the OIM from these sites, In the system buffered 

with sodium hydrogen phosphate the coagulation is prevented by the adsorption of 

phosphate at the edges of the clay [e.g., ,Icrsn1rrr1d NI[~ Logaly, 1993: p. 1 Oicff]. Both 

mechanisms provide n better displacement of the orgtnic compounds from the clay and 

an improved access of the oxidant to the OM. 

The results of the oxidation of the OM on different types of sediments using sodium 

hydrogen carbonate as buffer are listed in Table 7.5. The oxidation was performed at 98 

OC, during 60 min., using the oxidant/sample ratio R= 40. The results confirm the good 

yield in the removal of OM on different types of sediment. 

7.35 Additional Investigations 

._ll-l---. -.--_-- -._i- 
&mple Initial Corg Content Final Corg Content o/o removed Corg 

(w t % ) (wt.%) ---..-..“_.^ll.l_-- . -- _- ._.._.. -- -.- ..I..... I ..__ --- --.-~-.- l...l_ 
1 IO.9 0.34 96.9 
2 12.1 1 .6 86.8 

3 1x.5 I .5 91.0 

4 3.2 0.“’ L‘.. 93.1 

5 4.7 0.7 235.1 

6 8.32 1.8 78.4 

By testing the new method it was observed that the oxidation time, i.e. the time after 

which no fkrther bleaching was observed, was dependent not only upon the mass ratio 

oxidant/sample but also upon the type of buffer. Particularly, the oxidation using NaHC03 

as buffer was completed after 20-X minutes, whereas the oxidation with NazHPO,. 12~~0 

was completed “only” after 70-90 min. (Table 7.2). Furthermore. using NaHCO, as buffer 

better yields were reached than using Na~HP0~.12H,0 (Table 7.3). Hence, it appears that 

the used buffer play a crucial role during the oxidation procedure. The different reaction 

paths associated to different buffers may be originated by: a) the different affinity of the 

buffer to clay minerals edges sites accelerating the removal of the OM from its sorption 

sites, or b) the different pH conditions, or both phenomena (a and b) coupled. Two series 

of tests were performed in order to understand the influence of the different buffers on the 



oxidation treatment. 

Firstly, in order to test the affinity of the buffer anions to clay minerals edges, Lapmite@ 

(Siidchemie GmbH, Moosburg-MiinchetIt Germany), a synthetic hectorite was chosen 

because of its high degree of chemical purity. The hectorite (3 wt%) was dispersed in 

double deionized water 3 minutes with ultrasonic treatment and separately mixed 10 

minutes, by stirrin g: with the different buffers in aqueous solution at 90 “C (total buffer 

concentration: I&!). After three times washing and 96 hours dialysis to remove any rests of 

buffer anions, the samples were freeze-dried. mixed with KBr (74-44 ltm, air dried at 110 

“C) with a mass ratio clay/KBr 1 :SO and analyzed by diffuse reflection infrared spectroscopy 

(DRIR) in the range 3704000 cm-l [e.g., Nmrq~>. 1984, p.63 using a Perkin Eher 2000 

FT-IZ? spectrophotometer. The aim of DRIR was to detect new chemical bonding between 

buffer anion and clay particles, and/or to detect shifts in frequency and intensity of the 

absorption bands related to bonds building the clay mineral tetrahedra (Al-O-Al, and Si- 

0-Si) indirectly affected by the sorption of the buffer anions. As control, an additional 

buffer, disodium pyrophosphate (mass ratio N~~?FIIP~C)~.~H~~/N~~P~O~. 1 OH$) = l/2), 

having a high affinity to clay minerals edges [e.g.. Golrl.mmh et Ol.$ 1954, p.1651 was 

mixed with Lnpmite@). 
The DRIR absorption spectra and their second derivative presented a weak intensity 

decrease in the bands of Al-O-Al and Si-0-Si when disodiutn pyrophosphate was used as 

buffer, confirming the affinity of its anion to the edges of the hectorite. However, concerning 

the other buffers anions (HCO?-: POJ3- . B4072-) neither a buffer-clay particle edge bond 

nor a difference of the characteristic tetrahedral bonds was detected. This result may indicate 

that the selected buffer anions have no particular affinity to the clay edges at the processing 

pH conditions. Furthermore, the peculiar morphology of the Laponitr@ crystallitcs showing 

a low edge/surface area ratio [e.g.. JLISI~II~I tr?lti Lags!\‘, 1993, p.4Sffl> hence a limited 

edge area for potential sorption may be not favourable for sorption at its edges sites. 

To test the effect ofpH on the different duration and efficiency of the oxidation procedure, 

different cations (Ca, Cs, Na) were combined with the carbonate anion during the oxidation 

with DPD. Furthermore, additional buffers such as NaiPOl or Na7BJ07* 1 OH20 combined 

with NaF were used. 

The performed treatments showed that the best yields and the shortest oxidation times 

(15-25 minutes) were associated ivith basic conditiotls (pH of 8.5-10). (Table 7.6). 

Oxidations performed at low pH of 4.2-5.4 were the less efficient. Furthermore, the 

efficiency of the reaction was not directly depenclent upon the selected cations (Cs or 
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Na). The use of disodium pyrophosphate as buffer led to the lowest Cal-g removal yields 

(54.5-72.5 5% ofC m-g removed), suggesting that the affinity of the buffer to the clay particle 

edges does not represent a decisive aspect. 

Concluding, until now the mechanism of oxidation could not be understood in detail, 

but the pH seems to be a decisive factor during oxidation by means of DPD. Tndced, using 

the method proposed by Gqm rutdZmotti [ 1974, p.731. i.e. DPD combined with sulphuric 

acid at pH 2, a dark OM film always was observed after each oxidation. The higher 

efficiency of the NaClO pH (9.5) treatment proposed by Ar~lel:sor~ [1963, p.3831 with 

respect to the Hz02 treatment (pH 5) described by .Irrck.rorl [1956, p.311 may also be 

related to the higher and more favourable pH, since the oxidation potential of the reaction 

involving NaClO (0.89 V) is lower than the potential of the reaction involving Hz02 

(1.776 V). 

73.6. Summary and Conclusion 

By using a combination of sodium peroxodisulfate with a buffer such as sodium hydrogen 

carbonate, sodium tetraborate or sodium hydrogen phosphate an efficient method was 

developed to remove the organic tnattcr from clay-rich sedimentary rocks. Its major features 

are summarized as follows: 

1. More than 98 wt% of Corg were removed in one oxidation step only 

2. Its pH conditions (5-9) are prerequisite to avoid an attack of the clay edges 

3. The oxidation time is very short (minimum = 25 minutes, maximum = 60 minutes, 

depending on the used buffer and on reaction temperature) 

4. The buffer affects the pH, the duration and the yield of the oxidation 

5. The reaction temperature only has a kinetic effect. Using NaHCO3 as buffer, at 98 “C 

no more bleaching was observed after 25 min. and at 80 “C no more bleaching was 

observed after 60 min. 

6. The efficiency of this method may be attributed to the high pF1 controlled by the 

NaHCO; and the NqB-107 buffers. 

7. The new procedure is economic. fast and not noxious for health 

Therefore, the new method shows the highest efficiency of COX~ removal and the shortest 

time than the traditional methods used until nowadays (hydrogen pcroxyde, sodium 

hypochlorite, low temperature ashinu ti. and enzymatic protcolysis with ~‘KUIU.W B). It is 

also less expensive than the low temperature ashin g, and enzymatic proteolysis with Yrorzrrse 

B. 
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7.4. REMOVAL OF THE OM BY DISODIUM PEROXODISULFATE: EFFECTS 

ON CLAY MINERALS 

7.4.1. Introduction 

A primary task in the investigation of new chemical or physical methods of clay mineral 

analysis is the determination of the effects on structure, chemical composition and physico- 

chemical properties of the clay samples. Early studiesY for instance, ofFnn~l- rued Mitch?11 

[ 1963, p.222ffj and Dozrglm nrd Fiessing~~r [ 197 I, p.67ffl described the effect of hydrogen 

peroxide on clay minerals by means of infrared spectroscopy and XRD-analysis. Arzcl~~~rz 

[ 1963, p.3851 studied the effect of sodium hypochlorite on clays by means of XRD-analysis. 

Other authors have investigated the effects of commonly used chemical pretreatments on 

clay minerals or on specific physico-chemical characteristics. Kiister et ~2. [ 1973, p.971, 

for instance, studied the effect of several commonly used chemical reagents, such as 

AeDTEa, NaCl and O.lM HCl, on lllollttllorillortite. To%& 11990, p.73ffl described the 

effect of the oxidation with LTA on the oxygen and hydrogen isotope composition of clay 

minerals. Clnz~r- et (11. [ 1993. p.SffJ studied the effects of LNHCl, NH4C1, acetone, extracts 

of humic acids, NH4-EDTA and cation-exe hange resins on the Rb-Sr and K-Ar isotopic 

systematics and on the rare earth elements content of diagenetic illite. 

The aim of this study was to investigate whether samples treated with DPD to remove 

OM are suitable for further mineralogical and gcochemical investigations. Systematic 

experiments were conducted to determine the effects of the treatment with DPD buffered 

with sodium hydrogen carbonate on mineral structure, chemical and isotopic composition, 

BET surface area, cation exchange capacity (CEC) and expandability with ethylene glycol 

on different clay materials. 

7.4.2. Materials 

All investigations were performed on different types and size-fractions of standard clay 

minerals, described and characterized in the literature. For most of the experiments, kaolinite 

“Chimr Clct~~” (KCc. Cornwall. ITK). illite “Le F’zr,~” (ILp, France) and montmorillonite 

SWy- I (Wyomin g: USA) were ~rsed. For special tests, additional standard materials such 

as montn?orilloliite SAz- 1 (Arizona, USA) and the illites “Fithim” (TFi, Illinois, USA), 

IMt- 1 (Montana, ‘CJSA), “Stir-osptd” (ISa, Hegyalja Mts.. Hungary) and “Moutc Casbnrzo” 



(IMc, Ticino, Switzerland) were used (Table 7.7). 

After particle size separation of the fractions <2 lun and ~0.2 pm, each of the size 

fractions was air dried, then gently ground for 3 minutes in an agate mortar. SO0 tng of 

powdered material were ultrasonically (20 kHz) dispersed in 250 ml c~ouble deionized 

water for 4 minutes. 

7.4.3. Leaching Procedure 

Standard clay minerals were leached with DPD (Na$lO8. Merck) buffered with sodium 

hydrogen carbonate (NaHCO3, Fluka). NaHC03 has been proved as the most efficient 

buffer: with more than 98 wt% removed Cork; with the shortest reaction time (25 minutes): 

and with a constant pH during the entire reaction (Table 7.3). The oxidant/sample mass- 

ratio I? amounted to 40. This value represents the average between the three ratios with the 

best yields in the removal of OM from a “black shale” (7~ = 30. 40 and 50; Fig. 7.2). The 

leaching procedure was performed at 80 t-2 “C for 60 minutes. The pH was monitored 

with apH-electrode throughout the reaction and remained corlstant in the range of7.X-8.5. 

After oxidation, the clay was washed twice, ultrasonically dispersed for 4 minutes and 

decarbonated with concentrated formic acid (1 min at 98 YZ). 

7.4.4. Analytical Techniques 

The clay mineralogical composition was determined by X-ray powder diffraction analysis 

(XRD) (Section 2). Samples KCc and ILp were analyzed on poorly-oriented powder samples 

to obtain higher intensities of the hk-reflections. The measurements were carried out in the 

range 1.5-65 “20 at 0.02 “/step and S s&step. IFi, IMc, ISa, IMt- 1. SWy-1 and SAz-1 

were analyzed as oriented samples smeared on a glass support in the range of 1.5-50 “20 

at 0.02 “/step and 4 set/step. The illitic clays were measured air dried (relative air hutnidity 

at 23 “C: 45%); the smectitic clays were measured after glycolation for 14 hours with 

ethylene glycol vapour at 60 “C to test changes in expandability, 

The electron optical microscopic technique are described in Section 2.3.8. Scanning 

electron microscopy (SEMI was performed to observe changes of the 3D-morphology of 

the clay particles and their surfaces. Transmission clcctron microscopy (TEM) was 

performed to study the ZD-shape and particularly the edges of’clay particles. Highly diluted 

solutions (approximately 1 mg sample/5 ml water) were directly dropped on a copper grid 
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covered by a graphite foil. 

The chemical composition of the samples regarding SiO2, A1203, Fe203, K,O, MgO, 

CaO and MnO was examined by Flame Atomic Adsorption Spectroscopy (FAAS? Section 

2.3.11.1). The concentration of these elements was not measured on the leachate, since the 

high amount of NaaO in the residual oxidant and buffer in the leachate prevented accurate 

determination of the other elements. 

For oxygen and hydrogen isotope analyses, traces of NaHCO, were removed with 1M 

HCl (4 minutes at 25 “C) after leaching. Remaining salt traces were removed from the 

clay-water suspension by ultrasonic dispersion (3 minutes) and dialysis for 96 h. For oxygen 

isotope analysis, lo- 15 rng of the air-dried clay samples were degassed at 250-300 “C for 

4-12 h under high vacuu~n and then transferred directly to nickel reaction vessels with 

minimal exposure to air and heated again at 250 “C for -2 h prior to reaction with CIF, at 

600°C overnight [Bort1l)j:ick arln FZ~7rw1on. 1982: p. 166607. The liberated oxygen was 

converted to CO2 by reaction with heated carbon. For hydrogen isotope analysis, the samples 

were dried overnight at 250 “C under high vacuum. then heated in a vacuum at T > 1 100 “C 

to liberate Hz and H20. Molecular hydrogen was converted to water by reaction with 

copper oxide. The resulting water was quantitatively converted to hydrogen by reaction 

with zinc. The 0 and H isotope ratios were determined by conventional mass spectrometric 

analysis on a Fisons Optima dual inlet mass spectrometer. calibrated against Vienna- 

Standard Mean Ocean Water (VSMOW), Standard Light Antarctic Precipitation (SLAP): 

and Greenland Ice Sheet Precipitation (GISP). All analyses are reported in standard S- 

notation in per mil (%c) relative to VSMOW. During the analysis period, the international 

quartz standard NBS-28 gave a S’s0 value of 9.5 %C with a 1 CT standard deviation of 0.25 

%o. An internal laboratory standard, calibrated against NBS-30 with a 6D value of -65 “/CC 

and a 1 sigma standard deviation of +:! c/co. was used for hydrogen isotope analyses. The 

analyses were performed at the Institute of 1Mineralogy and Petrography (ETH-Zurich). 

K-k-Age analysis was performed on the illitic clay minerals ILp, IFi, TMt- 1, ISa, IlMc 

and kaolinite KCc. IFi and IMt-I were treated with 2h4 NaCl to remove poorly fixed K. 

After cation exchange, the samples were dialyzed for 961~ to eliminate salt residues. The 

technique of K-Ar dating was described in Section 2.3.9. 

Rb-Sr-Age analysis [e.g.. Cilllrrr, 19S2, p.24Sffj was performed only on the residue of 

KCc, IMc and SWy- 1 (both fractions ~2 and <0.2 ~ml). The leachate was not analyzed. Rb 

and Sr were separated by resin chromatography after digestion of the residue in a HF- 

HN03-HClOd mixture. The Rb content was determined using a mass spectrometer with a 

single collector, the Sr content using a thermo-ionization mass spectrometer with a multiple- 



collector. Analytical details are given by Clauer [ 1976, 61)fJ. The international standard 

NBS-987 was used for control of the s7Sr/s6Sr ratio (average 0.7 10266 rf-0.000003 20). 

The Rh-Sr and the K-Ar dates were calculatecl with the decay constants of h s7Rb = 1.42 

x10-I1 a-l and h40K = 4.962 x10-11 n-1: as recommended by S/eigel- LUZC~ .Jiiger [ 1977, 

p.359:j. 

The BET external surface area [Brrma~~r et al., 1938. p.3 13ff-j was measured on samples 

ILp, KCc, SWy-1 and NG-1 with ;I Mictm~er~ifics Cemirli III 237.5 Apparatus. Sample 

KCc <2 pm was used as a laboratory standard. All measurements were performed twice (1 

0: 15 1&g). 

The cation exchange capacity (CEC) of samples ILp, KCc. SWy-1 and SAz-1 was 

determined by exchange with ammonium acetate at pH 7 after repeated washing with 

absolute alcohol [Mclckuzzie, 195 1, p.3 19t‘f: W+ss, 195X. p.237ff-l. The adsorbed ammonium 

content was determined by steam-distillation and titration with H2S04. SWy-1 <2 pm was 

used as a laboratory standard. All CEC measurements were performed twice (In: +1.3 

cmolc/kg). 

7.4.5. Results 

The XRD-patterns of all samples showed no differences in peak positions between the 

untreated and the treated samples (Figs. 7.41-h). The oriented samples generally showed 

an increase in the intensity of’basal reflections after leaching (Figs. 7.2c-h). In addition, 

the XRD-patterns of difl--‘erent size fractions of sample SWy-1 and SAz-1 (Figs. 7.4c-d) 

indicated no changes after leaching and that the cxpand:ibility with ethylene glycol [ ‘Srodm, 

1980, p.4041 was unaffected by the oxidation procedure. No accessory minerals such as 

quartz, illite, feldspars and chlorite were eliminated by the treatment nor were new insoluble 

crystalline phases detected after leaching. One exception was the removal of a small amount 

of a mixed layer phase from sample IFi as indicated by the decreased intensity of its basal 

reflection after leaching (Fig. 7.3e). 

SEM micrographs show that after leaching, the surfaces of clay particles (e.g. ILp, 

Figs. 7.53-b) were statistically “cleaner”, i.e. they were less covered by small particle 

aggregates. TENl micrographs indicate that the edge morphology (e.g. sample KCc, Figs. 

7.6a-17) was unaffected by the leaching treatment. Furthermore, no amorphous phases could 

be observed by SEM or TEM at the surfaces and edges of the treated samples. 

The results of chemical analysis of selected elements before and after leaching are 

listed in Table 7.8. The concentration of SiO;?, Al?@ and Fe?03 of all samples remained 
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Figure 7.4 a-h. SKD patterns of selected clays analysed before and after treatment with DPD. 

a) Pattern of poorly-oriented kaolinite KCc. Accessory minernls: 1: illite: CM: chlorite: Fsp: 
feldspars, b) Fraction <:2 ~lnl of poorly-oriented illite ILp. Accessory mineral: Q: quartz. c) 
Fractions ~0.2 and -:2 pm ofmontmorillonite SWy-I smeared on a glass support and vapour- 
glycolated for 14 11 at 60°C d) Fraction G.2 bun oEnlontmorillonite Sk-l. 
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Figure 7.5. SEM micrographs of a representative clay apgregate ofIl,p before (Fig. 7.5 a) and 
after leaching (Fig. 7.5 b) with DPD. 

Figure 7.6. TEM micrographs of a representative particle of KCc before (Fig. 7.62) and after 
leaching (Fig. 7.6 b). 



Figure 7.7. Oxygen isotope systematics of standard clays before and after leaching 
with DPD. The leaching did not cause any change in the isotopic ratio of oxygen. 



254 

3c 
ci - 

I $1 3 I 
.I 

-;f/ 

,c: 

d 

--I 
Fl cl 

Qi 

!z 
“: 
0 c: 

c: co 
-3 
m 

a 
0 

Ki r- s;? - 
c2 d 0 

O/ 

iq 

“e m 
c: 

N c? 
z 

m a 
ci 

3 VR 
9 
a 

0 

3 

c\ 
a’ x 

u? 
CL 
m 

m 
s\ 
-I 

x 



Section 7: The Retnovcrl ofthe Otgmic bhtte~ 255 

constant within analytical error. In contrast, a partial release of other elements was observed. 

Sample KCc, for example, showed a release of Kz0 (- 16.3 % of the concentration in the 

untreated material) and MnO (-25 %): whereas SWy- 1 showed a release OF K20 (-18.2 %) 

and MgO (-9.9 %). Generally, more than SO% of the initial concentration of CaO were 

removed from all samples (KCc: -SO %; ILp: -65.8 %; SWy-1 <2 pm: -59.6 %; SWy-1 

CO.2 pm: -8 1.1 %). This is not surprising. since Ca3+, K+ and Mg2+ represent the main 

exchangeable cations in illite and smectite. In contrast, the release of KzO and MnO from 

sample KCc is probably due to the partial removal of accessory minerals that could not be 

detected by XRD. 

The variations of the 6lg0 values of leached samples ILp, KCc, SWy- 1 and Sk- 1 

were within the range of analytical reproducibility of 0.25 $Go (Table 7.9 and Fig. 7.7); 

Sample PO 7 co 60 %” 

(vsMow) (vsMow) 

Lp bel‘ore leaching 18.2 -91 

ILp after leaching 18.2 -91 

KCc bcfhre leachinp 1s.s -67 

KCc after leaching ls.s -67 

SWy-1 <2 ,pni hcforc leaching 18.6 -117 

SWy-1 <2 pm after leaching 18.5 -89 

SWy-1 4.2 pm after leaching 1S.S -104 

SAz-1 hefbre leaching 17.4 .-I 14 

Sk- 1 after leaching 17.2 -116 

SAz-1 + H2O bidost (80°C) 17.5 -114 

SAz-1 + IM NaHC03 iSOT’) 17.2 -101 

SAZ-1 + I M HCI (&25 “C) 17.3 -I 13 __- -__.-.- -.....-I-. 
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Figure 7.7. Oxygen isotope systetnatics of standard clays before and after lcaching 
with DPD. The leaching did not cause any change in the isotopic ratio of oxygen. 

whereas, the hydrogen isotope compositions showed more variation (Fig. 7.Xa). After 

leaching, the 6D values of II+, KCc and SAz-1 remained constant within the range of 

analytical reproducibility of 2 % (Fig. 7.8). In contrast, both size fractions of the smectite 

sample SWy- 1 showed a strong positive shift (A@ of +28 5%~ (~2 pm size-fraction) and Ai16 

= +ll % (~0.2 pm size-fraction) which was measured even after evacuation of the samples 

for 2 hours at 250-300 “C. This strong positive shift may be the effect of leaching or 

precipitation of inorganic or organic H-bearing phases and/or may result from residual salt 

traces in the treated sample. In order to verify the second hypothesis, additional experiments 

were carried out in which the chemical reagents used during the oxidation procedure were 

mixed, separately, with a further smectite sample SAz- 1. In individual experiments, double 

deionized water (Mil/iQ““‘, with 6D = -79% on the day of the leaching experiment) and 

1M NaHCQ were mixed with SAz- 1 for 1 hour at 80 “C. In a further experiment, 1M HCI 

was leached with SAz- 1 for 4 minutes at 25 “C. The results reported in Figure 7.83 show 

that the treatment of SAz- 1 with double deionized water or 1M MCI produced no changes 

in the hydrogen isotope ratios. In contrast. after repeated washing with double deionized 

water and prolonged dialysis, the treatment with l/M NuHCO? produced a strong positive 

shift of A6 = + 13 ‘ihr. This suggests that residual traces of NaHCOj may also have affected 

the hydrogen isotope signature of sample SWy- 1. 
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Figure 7.8. Ifydrogen isotopes systenwtics of standards materials before and 
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The results of K-Ar dating are reported in Table 7.10. The leached samples showed 

slightly lower IS20 content than the untreated. but a relative increase in radiogenic doA,-*. 

Only for ILp, radiogenic 4oAr* decreased from 7 1.3 to 70.7 wt% (TI-ible 7. IO and Fig 7.9). 

After treatment, all clay materials except ILp showed increased ratios “°K/36Ar and 40Ar/ 

36Ar. After leaching, the calculated ages of samples ILp, ISa and IMc remained unchanged 

within the analytical error, whereas significant changes were measured in samples IFi 

(244.5 to 272.3 Ma after treatment)? IMt-1 (223.6 to 235.1 ,Ma) and KCc (218.8 to 235.5 

Ma). In order to interpret the increase in age of IMt-1 and IFi, repeated Na-exchange 

experiments (4 times 24 h with 2M NaCl) on the non-leached material were performed. 

After this treatment, sample IFi showed values of K:O, l()Ar*, 301V36Ar, 40Ar/36Ar and 

an age similar to those of the untreated sample, whereas Na-exchanged IMt- 1 showed 

values intermediate between those of the leached and non-leached sample (Tab. 7.10). 

These results are discussed in the following section. 

4500 

3500 

2500 

500 

0 

Before Leaching 

After Leaching 
I 

0 Na-exchanged 

IMt-I ici . ---.-.--- ~----.-- 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

40W36Ar (~7 o-6) 
Figure 7.9. Chan,oes in the ratios ~f~“lii’“~r and 40ArPAr of selected illitic minerals &cl 
leaching with DPD. 

The results of Rb-Sr analysis are reported in Table 7.11, All residues of the leaching, 

with exception of sample KCc (-6.4 %). showed a strong enrichment of Rb: -+- 10.9 % in 

IMc, +135 and + 51 % in SWy- 1 ~2. kun and <O.;! pm: respectively. Inverse is the trend of 

Sr which increased in KCc (+9.5 %) and decreased in the other analyzed samples: -5.3 % 
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in IMc, -54.6 and -87.5 % in SWy-1 <2 pm and ~0.2 pm, respectively. Accordingly, the 

respective Rb-Sr and 87Sr/86Sr ratios resulted strongly affected by the treatment. The age 

resulting from the combination of both untreated and treated samples is in all samples 

different from K-A ages, with exception of san1plc KCc which showed similar ages using 

both methods of dating. 

The results of the nreasuremcnts of the BET external surface areas before and after 

leaching are shown in Figure 7.10. The change of the surface areas of KCc and ILp was 

within the analytical error range of 1.5 n$/g. In contrast, the BET area of the fraction <2 

pm of SWy-1 increased from 41.4 &/g to 63 ml/g (+S3 %) and the BET area of the 

fraction ~0.2 pm changed from 39 n&g to 84.2 rnz/g (+115 %). This strong increase can 

be attributed to the dispersion of large aggregates by ultrasonic treatment because a non- 

leached sample, treated 3 times 4 minutes with the standard ultrasonic and leaching 

procedure, showed the same increase in BET area as the leached sample (Fig. 7.10). The 

changes of the CEC of the selected minerals before and after leaching were within the 

analytical error range of 1.3 un&/kg (Fig. 7.11). 

7.4.6. Discussion 

7.4.6.1. Effects on Mineralogy 

The results of this itlvestigation indicate that the positions of basal- and hk-reflections of 

all standard materials remained constant after leaching with DPD (Figs. 7.4a-h). In contrast. 

the increase in intensity of the basal reflections observed in the well-oriented samples 

(Figs. 7.4c-h) can be attributed to the dispersion of clay rlLL L zqregates by repeated ultrasonic 

treatment. In fact, the disaggregation and size reduction of clays by ultrasonic treatment 

was already observed by ~lrsc+ [:1966, p.4001 and il/liillc~-T’l)rlnloos m~Jemy [ 1970, p.232]. 

Rohctxx~ et nl. [ 1968, p.2141 also discussed the fact that sn1all particles show better 

orientatiotl on the glass support and commonly yield increased basal peak intensities. The 

XRD analyses also showed that the mineralogical composition of accessory minerals 

remained the same, whereas partial removal of a mixed layered component was observed 

only in sample IFi. This most likely reflects segregation and removal of small particles by 

ultrasonic treatment and repeated washing. This hypothesis is confirmed by SEM 

observations which show a decrease of subaggregates on the surfaces of the clay particles 

(Figs. 7.5a-b; see also &litclwll rt nl. [1971, p.491). Fro111 XRD-analysis (Figs. 7.4a-h) and 
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TEM observations (Figs. 7a-f), one can conclude that the mineral structure and morphology 

of clay minerals are unaffected by the leaching with DPD. The minor changes in surface 

morphology observed by SEM (,Figs. 7.Sa-d) are attributed to mechanical etfects of 

ultrasonic treatment and washing. 

7.4.6.2 Effects on Geochemistry 

The chemical analysis of samples KCc. TLp and SWy- 1 show& no significant changes in 

Si, Al and Fe concentrations after leaching (Table 7.8) which indicates that the main 

framework elements of the crystal lattice (Si and Al) were not removed. Therefore. these 

data confirm the XRD results which showed unaltered mineral structure of the clays after 

leaching (Figs. 7.4a-h). The release of KzO (-21.3$4). CaO (-50%) and Mn (-25%) from 

sample KCc could be attributed to the partial removal of fine-gained accessory minerals 

such as feldspars (Fi g. 7.4~) and carbonate [it711 Cllphm mtl Frij?int, 1979, p.431 during 

decarbonation and washing at the end of the oxidation procedure. In fact, because of the 

small CEC of KCc (Fi g. 7.11). only a limited amount of K release can be attributed to 

cation exchange during the oxidative procedure. In contrast, the partial release ofK20 and 

MgO from SWy- 1 <2 11m as well as the strong drop in CaO (up to -8 1.1 oib) in SWy- 1 and 

ILp are attributed to cation exchange between K +, I&&“+ and Ca?+ from the minerals and 

Na+ from the oxidant and buffer. 

The stable isotope studies showed that the oxygen isotope ratios of samples of illite, 

kaolinite and smectite (ILp. KCc, SWy- L and SAz- 1) were unaffected by the leaching 

procedure. Tn addition. the 6D values remained unchanged in all samples, with exception 

of the two size-fractions of the smectite sample SWy-1 which showed a significant positive 

shift in SD (Fi g. 7.8a). A number of factors may cause this shift: a) hydrogen isotope 

exchange between water and H30+ and/or structural OH of the mineral; 13) the presence of 

adsorbed water or HjO+ retained during analysis: c) leaching or precipitation of one or 

more H-bearing components from SWy-1 with different D/H ratios than the smectite; and/ 

or d) the presence of trace amounts of the chemical reagents used during the oxidation 

procedure. 

According to studies of A!f~~lrr~ ad Rosenqvist [ 1958, p.252] and Smin nml Epcteir~ 

[1970> p.33ff]: isotopic exchange between water and I-IjO+ and/or structural OH during 

the duration and temperature conditions of the leaching procedure can be excluded. The 

presence of adsorbed water can also be excluded. since degassing the leached sample 



264 Section 7. The Removal of the &panic Matter 

SWy-1 at temperatures from 200 “C to 300 “C under vacuum produced no significant 

change in 6D. Our observation is supported by studies of Fngcrrz nml Lmgstqfle 11997. 

p.26a] who detected no traces of deuteriurn-labelled adsorbed water in SWy- 1 and SAz-1 

after heating the sample at T 2300 “C. We cannot unequivocally exclude that an organic 

and/or inorganic II-bearing phase, depleted in deuteriumY was leached or an inorganic FI- 

bearing phase, enriched in deuterium, was precipitated during the treatment. However: if 

present, such a phase can only occur in quantities below the detection limits of XRD. In 

contrast, the results of our study provide good evidence that the enrichment in deuterium 

in the smectite samples reflects traces of NaHCO3 after the leaching procedure (point cl 

above). This is supported by specific experiments in which separate treatment of sample 

Sk-1 with the individual chemical rengcnts used in the leaching procedure showed that 

only samples treated with the buffer NaHC03 alone produced significant increases in the 

D/H ratio, suggesting the retention of traces of salt (Fi g. 7.8b). The retention is probably 

facilitated by the strong increase in BET area (Fig. 7. IO). These results suggest that although 

caution may warranted when applying this method to smectitic clays for hydrogen isotope 

analyses, the new oxidation method can be proposed among the standard pretreatment 

proceduses of clays [see Gir-ml mtd Fotrillnc, 1995. p. 175: Sltcpptd nrzd Gilg, 1996, p.31 

for oxygen and hydrogen isotopes studies. 

The K-Ar ages of the illites ILp, ISa and IMc remained unchanged after leaching (Table 

7. IO), whereas samples IFi, IMt-1 and KCc showed a significant increase in age. After 

Na-exchange, IFi yielded an age similar to the untreated sample, indicating that the 

difference in age after leaching was not due to Na-exchange of exchangeable K but rather 

due to the removal of a K-bearing component with lowel 4~Arl~~Ar than the untreated 

sample. This indicates that untreated IFi is inhomogeneous and consists of a mix of at least 

two different K-bearing phases? as shown by Gnrdette et (Il. [ 1966, p. 16521. This explanation 

is fkther supported by the fuct that only sample IFi showed an isochron in the diagram 

40K/36Ar-40Ar/36Ar (Fig. 7.9) with a negative intercept on the -10Ar/36Ar-axis which 

indicated the inhomogeneity of the starting material [Citr~r~r n& CltaruIlzrrt-i, 1995, p.3 I]. 

Additionally, the partial removal of a minor amount of a mixed layer component from IFi, 

measured by XRD analysis, confirms our interpretation (Fig. 7.4e). In contrast, Na- 

exchanged IMt- 1 gave an age that is similar to the age of the leached sample (Table 7.10). 

This indicates that the change in age after leaching is related to Na-exchange during the 

oxidation procedure of poorly fixed, exchangeable K from sites with a lower aoK/?GAr 

ratio than the ratio at lattice sites, where the K is much better fixed [Fig. 7.9). Finally, 

removal of small amounts of feldspar and/or exchange of K poorly fixed on sites with 
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4%J36Ar ratios different to the ratio of the illitic phase could explain the cliscrepancy in 

age of KCc before and after leaching. This interpretation was supported by chemical analysis 

which indicated a partial release of K, Ca and Mn from KCc. The age measured after 

leaching (235.5 Ma) corresponds to the time of the first event of illite formation according 

to Bristow [ 1993, p. 1761 and could, therefore, reflect the “true” K-Ar age of illite present 

in KCc. From chemical and isotopic analyses. it can be concluded that the leaching with 

DPD does not change the chemical composition ot‘ IloIl-exchangeable cations nor the 

isotopic composition of hydrogen, oxygen and K-Ar of homogeneous clay materials. 

The Rb-Sr ages of IMc and SWy-1 are strongly affected by the leaching. In Rb-Sr 

dating of sediments [Clrrlrt~, 1982, p.252ffI. the different pretreatment procedures used to 

separate and clean mineral phases may affect the Rb-Sr systematics. Relative leaching or 

enrichment of Rb and Sr may OCCLIT by a) contamination due to the chemical reagents used 

for pretreatments, b) by lcachin g of Rb and/or Sr and c), by leaching of crystalline or 

amorphous mineral phases with different Rb-Sr ratios. Hence, it has been demonstrated 

that the analysis of the lcachate is recommended, in order to obtain an isochron? from the 

residue and the lea&ate, resulting in the correct apparent age of the studied mineral or 

sediment [e.g., Cl~lrrcr. ct ~1.: 1993. p.SfYJ. The systematic enrichment of Rb (excepted for 

KCc) may indicate contamination by chemical reagents (P. Stille, CNRS Strasbourg, pers. 

comm., 1997). However, prolonged washin g and dialysis of the residue and the strong 

decreasing of the Sr content suggest that the treatment removed a mineral phase with a 

different Rb-Sr ratio than the main phase. Since no retnoval of crystalline or amorphous 

phases from IMc and SWy-1 was detertnined by the methods previously described, its 

concentration was below the detection resolution. However, the analysis of the leachatc 

could not be performed, since the high salt concentration, from the buffer and the oxidant, 

required to high dilution factors, increasing the error of Rb and Sr analysis results. 

7.4.6.3. Physico-Chemical Effects 

The BET external surface area of ILp and KCc remained unchanged after leaching, whereas 

the area of both the size fractions ~7 i, and 4.2 pm of SWy- 1 strongly increased (+53 % 

and +115.2 %, respectively: E-i g. 7.10). I attribute the conspicuous increase in surface area 

of SWy-1 to the dispersion of clay particles by ultrasonic treatment. This interpretation is 

supported by measurements on a non-leached sample of SWy-1 (<2 bun), which after 

ultrasonic treatment for 12 minutes showed a similar BET area to that tneasured in the 
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leached sample (Fig. 7.10). Furthermore, the leaching produced no changes in the cation 

exchange capacity (CEC) of the investigated sannples as shown in Figure 7. I 1. The 

expandability of smectitic clays measured with ethylene glycol [ ‘S~~lorl, 19SO. p.4041 

was also unaffected by the leaching, as demonstrated by the invariance of peak positions 

in the XRD patterns of SWy- 1 and SAz- 1 (Fig. 7.4~~d). From these observations, it can be 

postulated that the physico-chc~llic31 properties of clay minerals such as BET area? CEC 

and expandability are not directly affected by leaching with DPD and that eventual changes 

in property, such as the increased BET area of smectitic clays, arc mostly due to the 

mechanical effect of ultrasonic dispersion and cleaning. 

7.4.7. Additional Investigations: The Oxidation of Fe(H) 

Smectitic clay minerals play a crucial role in the physico-chemical properties of soils or 

sediments. The clifferent oxidation states of Fe and its site position in the crystal lattice 

result in different properties of Fe-bearing smectites [Stzrcki nrzcrl I,e~lr-~ 1990, p.34Off]. 

Several studies showed that changes in the oxidation state of Fe affect the specific area 

[Lear UK/ Stuck. 1989, p.55 11, the hydraulic conductivity [SJHI et crl.. 1992, p.3841, the 

swelling bchaviour [Stucki ef crl., 1984c, p.359; Gates et trl., 1993, p.3621, the surface 

charge and dissolution [Stzdi c’t nl., 1984b, p.353ff) of Fe-bearing smectites. Hence, the 

quantification of the oxidation state of Fe represents an important analytical step. 

Furthermore: in scdimcntary rocks diagenetically altered or buried at reducing conditions, 

the quantification of Fc(I1) may play m important role in understanding the influence of 

Fe on the layer charge of‘smectitic minerals and, for instance, on their illitization [E~lirlger 

et al., 1979, p.3331. For this purpose. the calculation of the structural formula of smectites 

E e.g., Kiister, 1977, p.46ff; Cicci ~lltl Komndel. 199-I, p. 1 lSff], hence an accurate 

quantification of Fe(H) is required. HoweverY metastable Fc(I1) is strongly susceptible to 

oxidation during sample treatment such as the removal of the OM [Gohulo-tlkrr~~/r, 1995, 

p.731. Therefore, the accurate quantification of the total Fe(U) amount in smectitic clay 

separates occurring in OM-rich sediments or soils still remains a challenge. 

In geosciences. the separated analysis of Fe(K) and Fe(II1) is mostly performed 

oxidimetrically, spectrophotometrically or with Miissbauer spectroscopy [e.g., &~nrlci. 

1977, p.302: for 3 review see Arwmettc et nl.: 199-C. p.9Off: 1997, p.2: in press], Using the 

two former analytical methods, Fe0 and Fe?03 are measured separately on a dissolved 

sample. The measured Fe content is a total, bulk? value, i.e. it cannot be attributed to 

distinct Fe-bearing mineral phases. Therefore, for distinction of different Fe phases, sample 
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separation and pretreatment are necessary. 57Fe Miissbauer Spectroscopy theoretically 

does not require either sample separation nor the removal of the OM (the latter does not 

affect the analytical accuracy) and is not sample destructive. However, Mijssbauer 

Spectroscopy is slow, the required equipment very expensive and the interpretation of 

57Fe-spectra of mineral mixtures is still not uni\-ocal and requires trained analytical 

experience [e.g., &!~/~-trti, 1997, p.531. ItIence, oxidimetric and spectrophotometric methods 

are still prefered. 

During testing the new method, the colour changes of the aqueous clay suspension 

during and at the end of the oxidation were monitored (Tab. 7.3). After the reaction using 

NaHCO3 or Na,B,O,’ lOH,O as buffers, the colour of the clay material was slightly reddish, 

indicating at least partial oxidation of the Fe(U) present in the material. After reaction 

using NaZHP04.12H~0 as buffer. the colour was grayish, indicating that Fe(I1) apparently 

was not or only partially oxidized. III contrast. using the traditional methods of oxidation 

described in Section 7.1, at the end of the treatment the sample colour was reddish, indicating 

oxidation of Fe (‘Tab. 7.13). 

In order to determine the oxidation state of Fe after the oxidation procedure, troilite 

(FeS) and nontronite (Nontron, France) were treated with Hz02 and DPD and the Fe(II)/ 

Fe(III) ratio determined by 57Fe Miissbnuer spectroscopy [c.g., Murcrd, 1988, p.309ff, 

Amonette et LII., 1994, p.851. The use oflMtissbnuer spectroscopy pertnits the identification 

of the nature of Fe-bearing phases eventually leached, precipitated or oxidized. Troilite 

was nsed instead of clay minerals with metastable Fe(II). because the latter are not currently 

available: Artificial reduction of “ferruginous” smectitic clays has been performed by 

dithionite treatment [Strtcki et 171.. 1984a, p. 1921 or bacterial reduction [Kovmi~l et ol., 

1987, p.323, Gates et nl., 1993, p.36 l] but the handling of such reduced Fe@)-bearing 

clay minerals requires a sophisticated equipment [Strlcki ~!t rrl., 1984a, p. 1931. 

7.4.7.1. Materials and methods 

Troilite (hexagonal FeS, pract. Fluka) was ground and the fraction ~63 pm treated with 

hydrogen peroxide (H?O?) and DPD buffered with NaHCOj and N~zEIPO~. 12H20 (n = 

30). Both reactions were performed in aqueous solution (H,Oz : H?O = 1: 2). 60 min. at 80 

‘C by stirring with a glass pistil. The whole fraction of air-dried green nontronite (Nontron; 

Grim [ 1968, p.S79]). presumably containing some amounts of Fe(U) [e.g., Nrrf.clel-, 1978, 

p.701 was dispersed by ultrasonic treatment and oxidized similarly. The untreated and 

treated samples were analyzed by Miissbauer spectroscopy using a 57Co/Rh source (activity 
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20 mCi) oscillating in a sinusoidal mode and different velocities. Physical principles, details 

of analysis and sample preparation of Miissba~w spectroscopy are reported in Mtrr-crcl 

[ 1988, p.309ff] and Mwx~/ cctlcl Wlrgnrr [1994, p.41. Samples ancl measurement conditions 

are shown in Table 7.13. Measurements and interpretation of the 57Fe Miissbauer spectra 

were performed by Ursel Wagner? TU-Miinchen (Germany). 

7.4.7.2. Results 

At the end of the treatment of troilite with II:@, the sample had an intense orange-reddish 

colour whereas after treatment Lvith DPD it remained unchanged dark gray-black. The 

colour ofnontronite shifted with both treatments from green to light green-yellowish. The 

results indicated that Fluka troilite is not pure FeS but contains 4.7 wt% elementary Fe and 

12.2 wt% of a Fe(I1) which coulcl not be defined (Fi g. 7.12a). However, the different 

treatments on troilite showed very different results, After treatment with DPD the sample 

remained unchanged (Fig. 7.12q). By measurin g at a higher velocity (10 mm/s) traces of 

hematite (Fe&J3) were detected on the sample treated with NaHCQ as buffer, but not in 

the sample treated with the Na?HP04.12H~0 buffer. In contrast, treatment with H&)2 

confirmed at 4.2 “K that 9 1 .S wt% of the sampie were transformed in ferrihydrite (5 

Fe203.9H@) and only 8.5 wt% were detected as remnant troilite (Fig. 7.121~). 

Miissbauer spectroscopy indicated the total absence ofFe(II) in the untreated nontronite, 

despite of its intense green colour. Hence, it was unfortunately not possible to detect any 

change in the oxidation state of Fe which remained unchanged as Fe(II1) after treatment 

with hydrogen peroxide and DPD (Fig. 7.12~). Moreover, no oxide were precipitated on 

the surface of nontronite as detected by measuring at 120 “K. 

7.4.7.3. Discussion 

The redox stability of Fc(II) in an Eh (p&j-pH plot is shown in Figure 7.13. The Eh of DPD 

is 2.05 V (p& = 35.98) and the pH during the oxidation was between S.S and 9.5 (Fig. 7.3). 

Figure 7.13 indicates that at these pH and redox conditions. Fe(I1) should not be stable. 

However, after the leaching with DPD the troilite phase was not oxidized at all, Therefore, 

it is likely that despite of the unfavourable conditions during the DPD treatment, the 

compiexation of Fe(X) by the disulfate anion (03SOOSO~2-) prevents its oxidation. The 

use, in silicate and soil analysis, of sulfuric acid (H?S04) in combination with HF as a 

common method of dissolution and quantification of Fe(X) [e.g., ,$~clnci, 1977, p.302; 
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Figure 7.13. Eh (pe)-pH diagram showin, (7 the r&s stability ofFe(I1) and Fc (III) and 
the Eh-pH conditions of pure systems involving H,03, NaClO and S,O,‘-.Point I) refers 
to the reaction H,O, + 2H’ + 2e- - 

S,O,‘- -t- ?e- =--& 

21170: 2)ClO- -i- I-I,0 + 2e- * - ‘. a- + 20; 3) 

2S0,‘“. The pH was controlled according to the literature. The dotted 

pattern with n lower indefinite limit of Eh indicates that poorly is known about the evolution 
of Eh in presence of the buffer salts. Stabilib redos domains of Fe are modified and 
simplified nfier G~rss et nl. [ 19721 and Stw77nr 1777d Mqy777 [198 I]. 

J@ry and Hzttclrism, 198 1, p. 1961 supports this hypothesis. Indeed, the use of sulfuric 

acid, instead of other oxidative acids such as HNO3 or HC104, prevents the oxidation of 

Fe(IT). Furthermore, the stable bonding of SO,2- and Fe(I1) as (M+)2S04FeS04 (Mohr’s 

salt, withM+ = Na. K. NHq) is known to inhibit the oxidation of Fe(Il) exposed to air [e.g., 

Gr-ecx~mxiam’ Enmslm~~, 1988, p. 13991. The two buffers NaHCO? and Na2HP04.12H,O, 

confirmed the slight colour difference observed during the oxidation of the “black shale” 

sample: using NatlC0_1, a slight reddish colour was observed which could be attributed to 

traces of hematite, as confirmed by the analyses of troilite. In contrast, the absence of any 

traces of hematite in the troilite sample treated with phosphate buffer? mzay confirm the, 

additional cqzacity of the phosphate anion to build stable complexes with Fe(E). Indeed. 

phosphate is currently used to inhibit the oxidation of elemental Fe [e.g., GEUU+WX/ ar~7’ 

Ear7rslzcr~l:, 1988, p. 13781. 

The measurements on troilite treated with t-I?O:! confirmed its strong oxidation (to 

ferrihydrite) indicated at the end of the reaction by the intense orange sample colour. 
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7.5. Summary and Conclusions 

This study is presented as a tool for clay mineralogists dealing with the removal of OM 

from Cq-rich sediments with the aim to investigate the structure? the chemical and isotopic 

composition or physico-chemical properties. such as RET area and CEC, of clay minerals 

present in sediments. Systematic leaching experiments on different types of standard clay 

minerals were carried out to test the effects of oxidation with DPD buffered with soclium 

hydrogen carbonate for the removal of OM from sediments. After leaching, the mineral 

structure, the concentration of the non-exchangeable elements, the isotopic composition 

of oxygen, hydrogen and K-Ar. and the chemical properties such as CEC and expandability 

with ethylene glycol of homogeneous clay minerals remain unchanged. Only the Rb-Sr 

systematic of the residue is strongly affected by the treatment, suggesting that the analysis 

of the leachatc is highly recommended. Finally, changes in BET area of smectitic clays are 

mainly due to mechanical dispersion of the clay minerals by ultrasonic treatment. 

Hence, it can be concluded that the pretreatment procedure using disodium peroxodisulfate 

combined with sodium hydrogen carbonate for the removal of OM from sediments does 

not cause any significant damage to clay minerals and can. therefore, be recommended as 

a standard treatment prior to further investigations on clay minerals. The treatment of 

troilite and nontronite showed that the oxidation state of Fe(TT) and Fe(II1) is maintained. 

This observation suggests the opportunity of photometric investigations of the “original” 

oxidation state of Fe-bearing minerals present in OM-rich sediments, in order to improve 

the understanding of the role of iron during sediment and clay minerals diagenesis. 
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8. SUMMARY AND C NCLUSIONS 

8.1. Clay mineralogy 

The investigation on illite/smectite mixed-layer minerals in organic matter-rich sediments 

is hindered by the presence of the OM and additional smectitic and/or illitic phases. To 

study the illitization degree of IS, expressed as expandability behaviour, in the early Aptinn 

black shales of the Maiolica formation and the “Live110 Selli”, a set of sample pretreatment 

procedures was required. The traditional methods of removal of the OM (H202, NaClO, 

LTA, enzymatic proteolysis) did not permit a satisfactory removal, since OM was still 

present in significant amounts after several treatment cycles. For this reason, a new method? 

using disodium peroxodisulfate combined with three different buffers (at pH 8-9; NaHCO,, 

Na2HP04.12H~O~ and Na?B,O7.10H20) at 98 “C, was adopted. lJsing the new routine 

method, more than 98 wt% of differently mature organic carbon initially present in black 

shales of the LS (up to 14 wt% TOC) were removed in less than 60 min./ sample [M&la 

arzdklenegatti, 1997, p..558]. A set of leaching tests and analyses on treated standard clay 

materials confirmed that this new method does not affect neither the structureY nor the 

elemental (ma.jor elements) and isotopic composition (SD, ZYsO, K-Ar), nor the physico- 

chemical properties (CEC, BET-external surface area. expandability with ethylene glycol) 

of the clay minerals [Menegcrtti et al., 1999, p.253ffj. 

The effect of the second factor hindering the accurate analysis of IS, i.e. the presence of 

discrete amounts of detrital illite of similar structure ancl chemical composition, but different 

layer ordering, could not be removed. but only reduced after several cycles of particle size 

fractionation by ultra-centrifugation. Unfortunately, until today no efficient physical method 

of separation of the two phases is lmown. Hence, until today, the routinely adopted method 

of characterisution of the illitizntion degree of IS in marls and shales remains the indirect 

calculation of the expandability of 1s after ethylene glycol expansion [S~-oclo~, 1980, p.4041 

based on XRD measurements. and taking into account the amount of discrete illite present 

in the sample. Further direct methods of measurement of the illitization degree of IS, su& 

as HRTE M observations [S~+orlorl et al., 1990, p.375ff: 1992. 1). 1401 and elemental analyses 

[Sr~don et nl., 1986. p.370; this study] cannot yet be used for routine analysis. Generally, 

the expandability behaviour of IS as expression of the illitization degree remains an 

approximation overestimating the effective illitization degree of IS in [erred from elemental 

analysis [e.g., KNIISOII) 01~1 ffelgc’son, 1989, p. 189, S~~clo?r ct Ol.l 1992, p.lSS]. 



Based on these fundamental methodological premises, the clay mineralogical 

investigations through the early Aptian pelagic settings of Gorgo a Cerbara, Cismon and 

Roter Sattel revealed compositional variations which were attributed to diagcnctic processes9 

as well as to primary paleoenvironmental factors con trollin g the detrital clay minerals 

assemblage. The study of the evolution of the expandability of 1S showed a systematic 

correlation between lower expandability (i.e. higher illitization degree) of Ro-ordered (at 

Gorgo a Cerbara and Cismon) andIS-ordered IS (at Roter Sattcl) and low carbonate content 

(~40 wt%) in the sediment. The illitization of IS was calculated based on the X-ray 

diffractogratns and, on few sclectcd samples. corroborated by elemental microprobe 

analyses of IS-rich a ggregates. The difference between lowly- and highly expandable IS 

was up to 25 %S. The low expandability values were measured in the black shales of the 

Maiolica fm, in the LS and in the marly lithologies above the LS. While the higher illitization 

degree correlated with low carbonate contents, it did not show any positive correlation 

with the OM content. The measurements of the negative total charge of Li- and K-saturated 

IS expanded with octadecylammonium revealed the higher amount of negative tetrahedral 

charge in the lowly expandable IS. This finding was supported by the calculations of the 

structural formula of few IS sntnplcs based on microprobe analysis, and showing higher 

Al amounts located in the tetrahedral sheets of the low expandable IS. Despite the low 

maturity degree of the OM in the sections Gorgo a Ccrbara and Cismon, TEM observations 

and K-Ar dating of different size fractions confirmed the presence of two distinct illitic 

phases (IS and illite), the diagenetic origin oflS, and the detrital origin of illite. The coarse 

size fraction 0.1-0.2 pm showed apparent ages clearly older than the deposition age of the 

sediment, whereas the finest fraction ~0.1 lam systematically showecl an apparent age 

younger than the deposition age. The diffusive Ar loss in the finest size fraction could be 

excluded as the unique trigger of “youngening”. 

Based on the assumption that at the very low burial diagenetic conditions revealed by 

the low OM maturity the illitization reaction of smcctitic clays was a solid state reaction 

[!?l~er-1, 1993, 17.301, two factors can explain the different illitization degree in the measured 

sections. Both are related to the different dilution potential of the carbonate rock matrix 

between carbonate-poor and carbonate-rich sediments. Indeed. the content of I(+ relative 

to the noncarbonate fraction was the same in both sediments. as inferred from XRF data, 

Hence, one explanation for the higher illitization degree in carbonate-poor sediments is 

the higher availability of K’: not only the higher concentration of K+ relative to the bulk 

composition, but also the higher filcility of circulation in the sediment appear to have 

played a fundamental role. The ability of K+ circulation was favoured by the higher 



secondary porosity of the sediment in comparison to the carbonate-rich lithologies. In the 

latter, the lower total negative charge, the higher activity of Ca2+ . eons in the pore fluid and 

the energetically less favourablc C&form of the smectitic clays additionally hindered K+ 

fixation in the IS. Therefore, the differential il I itization degree of IS appears to be strongly 

lithologically-controlled. This is in agreement with the results of Z>ecorzi?& ~u~~~De1~~~0ba~~t 

[ 1985, p.326] from Cretaceous limestone-marl alternations from the Vocontian Trough. 

The quantitative assessment of the clay minerals through the sections revealed a positive 

correlation between IS, and an opposite relationship between illite and the carbonate content. 

This relation, observed by several authors [e.g., Rzrr;~~r~ 1980, p.3991 has been attributed 

to changing climatic origin in the source area of the detrital minerals. The dominance of 

illite with respect to IS in Aptian-Turonian pelagic sequences from the Tethys? was related 

to climatic conditions characterised by moderate to high temperature and high precipitation 

and erosion rates on the continent. The dominance of IS was related to moderate 

temperatures and moderate precipitation and erosion rates. The quantitative analysis 

revealed, beyond the high-frequency fluctuation of the lS/illite ratio, a general trend to 

higher illite contents towards the LS and a significant increase of the chlorite/illite ratio 

immediately above the LS. According to climatic scenarios inferred from clay minerals 

assemblages [e.g., Clurrulc~, l9891 p. 164ff] these two low-frequency trends would reflect 

a climatic warming towards the LS, followed by a coolin, c 0 *lfter the LS. Both trends are 

independently corroborated by the evolution of the oxygen isotopes [trends 01 and 03> 

Merlegntti et nl., 199s. p.5341 and of the palynofacies [Hocfmli et nl., 19991. Therefore, 

the quantitative clay minerals analysis revealed that the distribution of IS in the sections is 

strongly controlled by paleoenvironmental factors. This finding is supported by previous 

works reported in the literature [e.g., Dcconinck. 1987, p. 140: lkconimzk nntf Ber~ioulli~ 

1991, p.ll]. 

Hence, two fundamental questions remains open: (a) whether the total negative charge 

of IS developed in the sediment or prior to deposition in the weathering profile on the 

continent, and (b) which role had the OM in the sediment and in continental pedogenic 

sequences. 

It was demonstrated that the temperature and alkalinity stability fields of silicates and 

carbonate minerals or cements in sandstones and shales are similar [e.g.! SZI&UH nnd Yin, 

1994, p.415). The diagenesis of OM releases organic acids like acetic or formic acid [e.g., 

McrcGo~,nll clrlcl Srrrrfnr,l. 19S8. p.246; Barth rrr1d 5’jol-l~kkc, 1993> p.32hIJ. With continued 

diagenesis, these organic acids may (a) decarboxylate [e.g., Schidt mtf McDor~crld, 1979, 

p. 1 S4fc Bcrrtlz nut/ Li’jorlykke, 1993, p.3261 or (b) dissociate [e.g., Mcsiwi, 1986, p. 1271. 



The decarboxylation reaction can be expressed as: Organic acid (1CH31COOH) --> lCH4 

+ 602; (ICY: JzC-rich carbon; hC: 13C-rich carbon) from which, summarising, it follows: 

21COq+ 2HqO --> 2H+, + HlCO3- + 1C”O??-. Tf carbonic acid is produced in the sediment in 

a significant amount to dissolve silicate minerals or cations from IS increasing the negative 

charge of IS, it would also dissolve carbonate nannoliths. According to Blair md Cnrte~ 

Jr [1992, p. 12511, acetate measured in porewater of anoxic sediments has a S’%&clatc of 

-2.8 - -17.6%. The following precipitated carbonate cenlent (2Cn’+ + lCO,z- + hCO?z- - 

-> 2Cal+hCO;) would have a ~“Ccarb signature much more negative (average i-i”Ccn~% < 

-20 700) than the original nannoliths. Based on the S’%X% values measured in different 

pelagic sections of the Tcthys Area. it appears that the production of carbonic acids was 

not relevant for selective leaching of A?+ or K+ from phyllosilicates and K-bearing felclspars 

[e.g., Bermett mtl C~-r.se~, 1994, p.16Sffl. By contrast. the dissociation of organic acids: 

lCH31COOH --> [lCH,lCOO]- + H+ would dissolve carbonate nannoliths: 2H+ -t- 2Ca’XD~ 

--> 2Ca”’ + HhCOj- + H+ + lYXI~‘- . and the repricipitated carbonate would have a S”Ccarb 

signature similar to the values of the original nannoliths. Hence, the dissociation of organic 

acids would not be recorded by the &“Ccarh of the carbonate matrix. Moreover, it is 

noteworthy to mention that the organic acids have a donor of Hf capacity 6-350 greater 

than carbonic acid [e. g., Meshri. 1989, p. 124]? and that in their presence feldspar dissolution 

requires up to one order of magnitude less free energy [n/lcsl~rY, 1986. p. 1261, hence they 

have a greater importance in the dissolution of carbonate than carbonic acid [L~mclegnrd 

and Land, 1986, p. 135ff]. However, it is unlikely that at the shallow burial conditions 

characterising all the studied sections organic acids may have controlled the alkalinity of 

the pore fluid. Three arguments support this postulate: (a) Although the carbonate nannoliths 

show evidences of surficial dissolution, their shape is partially preserved (Fig. 6.14), 

indicating the activity of organic acids would not have been such significant; the surficial 

dissolution features are rather due to compaction-dissolLltion cycles: (b) It has been 

experimentally demonstrated, that at concentrations similar to those occurring in 

sedimentary environments, the presence of diluted organic acids (few ,U4) decreases the 

dissolution of carbonate, and only at higher concentrations the rate increases [:DeM~zio nr~ci 

Gmndsfqf~~ 1995, p.2421; (c) According to Smlmt et (11. [ 1989.p.41 at temperature lXOT 

the pore-fluid pH is internally buffered by the carbonate because organic acids (mostly 

acetic acid) are metabolised by bacteria. The external buffer activity dominated by the 

acid becomes relevant at temperatures >80- 100°C (see also &YYU~ nncr’ ,!G~ng~ [ 1989, 

p.420:]), when the bacterial activity is set off [SZU~~WI et trl., 1989. p.6ff; Klmvka et al., 

1986, p. 112: Giordmn nr~cl Kh~-rmktr. 1994, p. 1841. The OM maturity data and the thermal 
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preservation of the kerogen indicate that the maximum burial temperature did not exceed 

80-100°C [Yrutt an~‘King, 1986, p.5161. Finally: the presence of C detected by elemental 

imaging at the edges of IS separates may indicate a dual influence OM-IS: OM and IS 

possibly formed stable, less soluble complexes (between humic acids of terrestrial OM 

and IS) with unchanged c:ltion exchange capacity [Zinshiri, 197 1, p.3041. Summarising, 

there are not direct evidences that organic acids, released during OM d&genesis, controlled 

the alkalinity of the sediment, leaching A17+ and IS+ from feldspars and detrital illite and 

producing the negative charge mcnsured in the lowly expandable IS. 

By contrast, it is more likely that the negative charge was produced on the continental soil 

profile, favoured by the climatic conditions of moderate to high temperatures and high 

precipitations rates accelerating the bio-pllysico-chemical weathering of the soil, Fulvic 

acids, the polytner-like dominant acid type itI soils, but also organic acids with lower 

molecular mass (acetic, oxalic, formic) are known to complex and leach Si”+? Al”+, Fe2-3+ 

and other cations from silicates [e .g., Htrmg mtd Keller., 197 1, p. 108Sff; 1972, p. 1.50; Tan, 

1986, p.114; 131-el~r lrrtrl knee, 1994: p.153]. 

In this context, this study confirms that in low metamorphic sediments, the primary 

paleoenviromnentally-controlled detrital signature determines the early diagcnetic path of 

smectitic clays: (a) directly, by changing the physico-chemical properties of IS already in 

the soil weathering process and, (b) indirectly. by determing the characteristics such as the 

geochemical composition (carbonate content, K” availability) and the porosity of the 

sediment hosting the IS. In the context of the solid state phase of the illitization reaction. 

this study emphasises the importance of the physico-chemical characteristics of the starting 

smectitic clay minerals. in agreement with other authors [Cozrto Alzjos , 1986, p.431; 

Spark md Trcwirl, 1986, p.495; Snto et al., 1995, p.243f-f:WZ cv ill., 1996: p.372ff]. 

A first implication of the presented findings concerns the applicability of the 

geothermometer based on the illitization degree of 1s [e.g., Crrrntit?re et al., 1988, p.496; 

Freed ctml Pectcor, 198913, p. 17 2; Wldtr nrttl Espitalic!, 1989, p.109; Hunng et ob., L993> 

p.1701. This study confirms that at shallow burial conditions, the detrital heritage of the 

smcctitic precursor of IS and the bulk rock composition (particularly fluctuations of the 

OM and carbonate content) affect the illitization path within a small-scale sedimentary 

sequence. The characteristics of the palcoenvironmentally-controlled flux of detrital 

smectitic precursors affects the illitization path also on a large range of burial depth [C~uto 

Anjos, 1986, p.4311. Therefore, the factors controlling the illitization reaction are not only 

the temperature and the elemental composition of the educts [e.g. Hmver et al., 1976, 



p.7261, as well as the residence time of the educts at a certain temperature [Velde nr~’ 

tisseur, 1992, p.9731. In this context. based on the investigation of three pelagic sequences 

of the western Tethys, it can be stated that in carbonate-poor sediments deposited under 

moderate-to high climate temperatures and/or precipitation/erosion rates, the illitization 

degree will be favoured, resulting in the overestimation of the maxitnum burial tetnpcrature. 

By contrast, in carbonate-rich sediments deposited under conditions of moderate 

temperature and precipitation/erosion rate, the illitization will be hindered, resulting in the 

underestimation of the maximum burial temperature. A similar conclusion was formulated 

by Svzith et al. [ 1996> p.521: their study of deeper buried oilfield systems revealed that the 

accuracy of cation geothermometly is strongly worsened by the presence of organic acids 

released during the thermal decomposition of the OM. 

A second implication of this study concerns the contribution of the presented findings to 

the estimation of the long-term stability of smectitic clay minerals used in environmental 

geotechnics as inorganic accessories of waste disposals barriers. Only since the 70’s clay 

liners are used as sealing of waste disposals [e.g., Gordmz. 1987> p.SOOff;l. Hence, the role 

of time on the stability of clay liners could not yet be estimated [e.g., Miiiler-Vbrzmoos ad 

Kuhr, 1985, p.17; K~~ncrk et al., 1993, p.59fk Sclntzighqf~r crt n/., 1995, p.207; Echle et 

nl., 1991, p.2411. The material deposited in domestic waste disposal is mostly composed 

by organic compounds similar to kcrogen type III. i.e. of terrestrial origin (cellulose, plant 

material) [e.g., Marming et rrb., 1994, p. 171 which is decomposed similar as in a OM-rich 

sediment, releasing a broad range of organic acids. The latter enter in reaction with the 

mineralic barrier [e.g., Mitch11 uvr~I n/Jcl&~, 1957, p.c)Sff], which contain smectitic clay 

minerals used for their high sorption capacity [e.g., Miiller- Mmmoos cud Kohlel; 1993, 

p.333ffJ. In this contextY in landfills with a high leachate concentration the illitization of 

smectitic barrier-clays has already been observed [Echle et cll., 1988,~. 1181. Additionally, 

it is noteworthy to mention that domestic waste disposals have recently been invoked as a 

modern analogue of OM-rich deposits like OM-rich shales or sandstones, and :are 

investigated in order to improve the understanding of syndiagenetic processes, such as the 

mechanism of organic acid release during oil formation. occurred in ancient source rock 

[Mcuming et (?I., 1994. p. 161. This study has revealed that the carbonate-rich black shales 

of the Maiolica fm and the LS. combined with the low OM maturity degree at the sections 

Gorgo a Cerbarn and Cismon, do not represent the ideal model for an annlogue study. On 

the one side, the high carbonate content of the sediments results in the dilution of the OM 

content, as well as of the amount of smectitic clay minerals and K-bearing phases. Moreover, 



it results in low secondary porosity, hindering the migration of organic acids and/or K- 

bearing pore fluids, i.e. it acts as a closed system with respect to these phases. FurthermoreY 

the low OM maturity and low maximum burial temperatures estimated in the studied 

sections indicate that organic acids at such concentrations as measured in landfill pore 

fluid, were not released during alteration of the OM. In this context, mature source rocks 

such as sandstones or shales, or well known soil profiles rcprcsent a better analogue. Finally, 

the paleoenviromnentally-controlled flux of smectitic phases of presumably different 

geochemical composition and physico-chemical properties renders the comparison between 

OM-rich and OM-poor sedimentsY in the contest of the long-term stability of smectitic 

liners of domestic waste disposal, poorly accurate. This is additionally related to the 

uncertainty about the exact composition of the smectitic clay minerals and organic matter 

at the time of deposition of the sediment. 

8.2. Isotope Stratigraphy of the LS 

The principal goals of S13Ccal-b, S”Col-g and S’5N~~rp stratigraphy were (a) to obtain a high 

time resolution correlation between the studied sections and, (1~) to itnprove the 

understanding about the paleoenvironmetltal conditions controlling the sedimentation of 

the “Live110 Selli”. 

The high-resolution record of ;jl%Ikar-b and S1%or~ revealed that the carbon isotope 

curves of the sections Cismon and Roter Sattel from opposite margins of the Alpine Tethys 

have a quasi identical pattern composed of eight segments. Because of their independence 

from diagenetic overprint and local facics controls. these segments are stratigraphically 

significant and show a higher time resolution than the shortest biozone, i.e. the calcareous 

nannofossils subzones. Furthermore. the high-resolution S1% stratigraphy through the 

LS revealed a peculiar pattern named “Selli Event” and defined as the interval of unchanged 

isotopic values covering the main portion of the lithologically-clcfinecl LS (Fig, 8.1). The 

second fundamental aspect related to the “Selli Event” concerned the evidence that the 

positive 613C excursion known as “Cismon Event” does not coincide with but follows 

immediately after the top of the LS. Hence, in contrast to the hitherto proposed early 

Aptian S13C stratigraphies. there is no direct link between the deposition of the LS black 

shales and the positive &l-kII event. Therefore, the high-resolution 6l’C stratigrnphy through 

the early Aptian indicates a step-like character of the positive excursion. The comparison 

with other well documented 61%Z positive excursion (Cenomanian/l’ro~~ian boundary, 

Late Paleocene, Miocene) confirms that this pattern is common. This confirms that this 
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peculiar pattern is not controlled by local paleoceanographic parameters but has a global 

character, i.e. it reflects changes in the isotopic budget of the carbon cycle. Furthermore, it 

suggests that the response of the carbon cycle, expressed with the positive i’s13C excursion. 

follows a precise dynamic repented at different times in the Phanerozoic. Finally, the 

evolution of Ij15Norg, showing a negative shift and systematically more negative values 

through the LS confirmed the pattern previously reported in the literature of Central Atlantic 

Mid Cretaceous black shales. The extent of the negative shift is similar to the record of 

modern sapropels of upwelling areas, such as the Central Atlantic Angola Basin. However, 

the coincidence of the negative 615Norg values with enhanced C/N ratios reflecting probably 

selective N loss during diagenesis does not definitively rule out that the &“N\jorg may 

represent a diagenetic artifact. 

The implication of the new high-resolution 6°C and &‘Q data on the C-cycle and on 

the improved understanding of the pnlcoenvirontnental conditions occurring at the time 

of deposition of the “Live110 Selli”, can only be estimated by referring these data to the 

early Aptian paleoenvironmental context inferred from numerous data sources. 

There are numerous evidences that the early Aptian was a time of higher tectonovolcanic 

activity than other Cretaceous stages. The direct evidence arc the rapidly-produced (~3 

Ma) [l"ndzrno et cd., 199 1, p.481] large-volume flood-basalt plateaus recorded in the 

southern Indian and Pacific Ocean, whose onset has been dated as -122 M.a. [L~wv~, 

1991a, ~549; 7icrd2n2o et (Il., 1991, p.399, Thwmi et c/l., 1998,p. 1531. The dramatic decrease 

of the 87Sr/“6Sr ratio in seawater [Jones f>t trl., 1994, p.3070; R~rlo~el- et nl., 1997, p. 1437: 

.l&q~s nnd Wilson. 1998, p. 1341, indicating a significantly enhanced hydrothermal flux 

of S7Sr-rich strontium, was invoked as the indirect evidence of the incremented 

tectonovolcanic activity [‘e .g.. Ingrcim etnl.. 1994, p.549; Jones etd., 1994, p.3070, J~~?r7,4ys 

nrlcl Wilsm, 1998, p.1341. The coincident eustatic sealevcl rise, documented by Cooper 

[1977, p.S] and Flnq et nl. [1988, p.971, was inferred from the transgressive system track 

sequence in the LS as a 3r11 order sealevel rise [e.g., FI~rhle, 1997, p.2321. As a further 

consequence, enhanced volcanic activity resulted in increased mantle COX-degassing into 

the atmosphere [e.g., Cdd~~irn nlln Rantpirlo, 199 1, p.9S7]. Based on climate modelling, 

the latter resulted in the global warming of the Earth’s s~dax by LIP to 6-13 “C [e.g., 

Lbrvvl mil W~ishirigtorl, 1085: p.550; G&K/ crr~/ Lhls, 1990. p. 1563; Ccilcieirw rmd 

Rzrmpim, 199 1, p.989]. The global warming was subsequently reinforced in polar regions 

by the enhanced poleward transport of latent hcnt due to intensified Hadley cells and 

thermohalinc circulation [e.g., Mmttrhe aid Elr~~7ii. I986, p. 1 1694; Rind cud C71~mdler, 



1991, p.7453; iyrry et NZ., in press]. .in this study, a trend to warmer surface water temperatures 

of +5”C was indicated by the gradual decrease, from the latest Barremian to the onset of 

the LS, of6’“O. Moreover, the increase of atmospheric and oceanic CO? levels was recorded 

by the abrupt decrease of S’-%I&~-b and ~“COF~ and by the increase of A6”C imnediately 

before the onset of the LS. The global \varming accelerated the hydrological cycle, resulting 

in enhanced continental precipitation and weathering rates [e.g., Weissert, 1990, p.651 and 

increased fluxes of biolitniting nutrients, particularly phosphorous and nitrogen [e.g., F;iilimi 

et al., 1994, p.745; Fiillnzi, 1995, p.86 I]. The increase of illite-rich rnarly horizons towards 

the LS (this study) and the occurrence of kaolinite reported from marginal and platfortn 

settings [Decorzinck am/ Dehr-ahant, 1985, p.3351 support this scenario. The recycling of 

these nutrients was additionally favourcd in the water colunm by the reinforced thermohaline 

circulation caused by an increased latitudinal salinity gradient and the shift of the deep 

water source at the tropics instead of the poles [Sclmitlf mtcl Mq’snk, 1996, p.S83] (Fig. 

8.2). The incremented paleofertility of the ocean had dramatic consequences on the marine 

fmnal and floral distribution: few opportunistic species of radiolarians bloomed as shown 

by the large abundance of few species in the LS [e.g., Cocciok et al.. 1992, ~528; Erbnchct 

md Thmrmv, 1997, p. I5 I; Sd*ini et al., in prep], at the expense of a wide range of other 

radiolarian species, and probably at the expense of the major carbonate-producing organism, 

the nannoconids, which are quasi totally absent in the LS @I-&, 1994, p.4961. Also the 
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evolution of the planktonic foraminiferal assemblages is characterised by the extinction of 

a large amount of species which normally have their habitat in oligotrophic watermasses 

[e.g., Cocciorzi et ctl., 1992, p.5281. Hence, the enhanced paleofertility resulted in an increase 

of the primary productivity as already postulated by several authors [e.g., Weisswt et nd., 

1985> p.543; Lcckie, 1989> p.127:]. Tn this study. a further indirect evidence of enhanced 

primary productivity was provided by the calculation of the accumulation rates of Corg in 

the LS (~0.2 gC/c~$/k.y.). The accumulation rates were calculated considering the 

abundance of ichnofossils in the LS which generally indicated very low preservation factors. 

Moreover, the analysis of the palynomorph species in the OM revealed the presence, in 

the LS, of poorly preserved but abundant marine AOM mixed with abundant terrestrial- 

derived OM. The ichnofncies as well as the degradation degree of the AOM suggested that 

during deposition of the LS! the conditions at the sediment-water were dysoxic but not 

anoxic [T~sorz and Pen~;ron, 1991? p-21. At such redox conditions, the high Corg accumulation 

rates and the abundance of marine AOM can only bc explained by the increase of primary 

productivity in the surface ocean [e. g., Pdrl-sen urzrr Crrlvert, 199 1, p.4571. In this context, 

the high recycling rates of intermediate waters and the incremented nutrient availabilty, 

coupled with the enhanced oxygen demand lowered significantly the 02-levels in the 

water column [Hdwrt nru~’ Samierlto, 199 1, p.7043 (-Fig.8.3). Accordingly, the negative 

shift of &ISNorg within the LS may reflect, as documented in the OM-rich sediments of the 

Angola Basin [Noluzs et nl., 1997, p.6 121, high paleofertility (nitrate availability) and 

high primary production in the upper water column. Furthermore. the constant values of 
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;j13C~~b and 813C~g through the LS were interpreted as a further expression of the peculiar 

circulation mode occurring in the early Aptian, and resulting in enhanced recycling rates 

of nutrients and “C-rich carbon. 

Above the LS? in the interval characterising the positilTe 613C excursion, the increasing 

8180, the increasing chlorite/ illite ratio and the drastic changes in the sporepollen 

assemblages [13odzzrli et (I(., 19991 suggest important modifications in the pattern of oceanic 

circulation and/or climatic conditions. Similar strong changes in the composition of the 

palynofloras have been reported by Mrkhrame~cv (1982. p. 1 t92ff] from the Aptian of the 

Ukraine, Caucasus, and southern Kazakhstan. In both cases this shift is interpreted to 

represent a cooling event, which has not been documented in the early Aptian of the western 

Tethys before. It is questionable if this cooling event concerned only the Tethyan 

watermasses, which probably were influenced, during the time of maximum transgression, 

by migration of northern watermasses. A early Aptian link between Tethyan and Boreal 

area [e.g., Pormrol, 1975, p.2831 was postulated by Mlrtterlose [1993, p.2741 based on 

migration patterns of Tethyan coccolithophorids into the Boreal Area. Mixing of Boreal/ 

Tethyan ammonite populations is reported in Mrrsse [ 1992, p.315]. 

A major finding of this study is related to the evidence that the period of enhanced 

primary paleoproductivity resultin g in the deposition of the IS did not coincide with a 

period of positive carbon isotope excursion. This finding indicates either that (a) the 

deposition of the LS black shale had no impact on the global carbon isotope budget and/or, 

(b) that the “biological pump", invoked by several authors [e.g.. kholle andArth-, 1980> i 

p.77, Rer~erancl Vilzce~lt, 1986, p.2521 was not the dominant trigger of the “Cismon Event” 

[Wzissert et crl., 1998, p.1921. It is likely that pelagic black shale intervals like the LS do 

not contribute to the global change of the carbon isotope budget, since the amount of OM 

buried in the pelagic realm is estimated to be only 5 ~01% OC the total stored OM [N&ges 

nr?cl- Keil, 1995, p.851. By contrast, in flooded shelf areas the amount of buried OM is 

much more relevant (85 vol%} [ff<~llgcs lrllzl Keii. 1995, p.SS]. However, in the Tethys arca 

there are scarce evidences that at the time of the Cismon Event primary production was 

dominant, since OM-rich sediments were only rarely found and several early Aptian 

unconformity events provide an incomplete sedimentary record [De G~-ncinr&~ et ffi., 

1981, p.3601. Hence. alternatively, as recently postulated by Wissel-t et al. [ 1998, p. 1971, 

the “Cismon Event” may have been caused by a weakened efficiency of the carbonate 

production in the pelagic and, more significantly. in the shelf domain. Times of sealevel 

rise, as occurring during the deposition of the LS are marked by the decrease of production 

of pelagic carbonate [e.g., Dnl)ies trr~l IWionrle~~, 198 1, p. 1771. The potential of production 
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of carbonate becomes more significant on the expanded shelf areas. However, carbonate 

platform drowning episodes documented on the northern Tethyan margin and in the 

Provence [e.g., Fcilhi et LIJ.. 1993> p.737; n/lns.re WC/ plliliy, 198 1, p.4031 indicate that at 

the time of the “Cismon Event“ . also on shelf areas the carbonate production was decelerated 

[Weissert et al., 199S, p. 1991. Not only the growth of organisms sensitive to environmental 

changes (temperature, turbidity) such as hermatypic corals, which were not reef-builders 

in the early Aptian, but also the growth of rudists was affected. It is likely that two tnajor 

factors concurred to the crisis of the carbonate platform gowth: (a) the change of terrigenous 

influx due to the flooding of expanded land areas and to the increased precipitation/runoff 

rates and, documented the change of the detrital clay minerals ratio chlorite/illite (b) the 

decrease of temperature, documented by the oxygen isotopes, the bisaccate pollens, and 

the significant occurrence of I;-~~.c7litlrs,~01.Llli.~ related to a global cooling event or to the 

influx of Boreal watermasses. Contemporaneously, the expanded shelf [W~lslz, ct trl., 198 1, 

p. 198; TJJSOU nr~r’Fluu~ell, 1987. p.75ff; f1cJgu rt71rl Kdl, 1995: p.85; Baler nrd Dr@el, 

1998, p.4821 and the flux of terrigenous OM in the pelagic realms [e.g., FlctXb, 1982, 

p.122; Pratt am1 King, 1986, p.508; Pr-mloli Sihw et al., 1989, ~234; Tonznghi et al., 

1989, p.228ff;~ortrnc~7~7~ et (71. in press]. where the circulation patterns were still prone to 

moderate-high preservation factors, favoured the burial of OM not directly derived from 

high productivity (“Detrital-0AE” episodes SC’~~SI[ _r:‘r-bcrclfer- et nl. [1996, p.SOl]). 

Sutnmarising, it appears likely that the Cismon Event occurred because of a general 

weakened efficiency of the carbonate production coupled with the persistent burial of OM 

in both pelagic and shelf domains. In the Tethys area there are no evidences of enhanced 

efficiency of the “biological pump” resulting in the Cismon Event. 

Furthermore, the results of this study and the recent palynological investigations confirm 

that the expressions “Oceanic Anoxic Event” (OAE) [S,~l~ln~~gu cr71cl .Ie72ky72s, 1976, p.] or 

“Productivity- /Detrital-OAE” [E’/&nclzel- et crl., 1996, p.50 l] is too general and might be a 

misleading way to describe the hi&l productivity-derived black shales of the early Aptian 

“Live110 Selli” deposited under dysoxic conditions (cf. also Waggles, 1983, p.96Sff]. 

Furthermore, the investigations on the Fischschiefer ,c.s. and its peculiar 61 %Z pattern 

revealed that although the early Aptian paleoenviromnental conditions favoured black 

shale deposition, and although black shales levels such as the IS and the Niveau Goguel 

are synchror~o~~s, the formation of such extended OM-rich intervals was also controlled by 

regional-local paleogeographic -oceanographic features. Moreover, the evidence that the 

81X pattern of the “Selli Event” and its equivalents in other positive excursions of 

Phanerozoic time do not strictly coincide with the deposition of black shale sediments 



arg~m for the global character of the isotope signal, and against the global character of 

“OAE’s” [W~zples, 1983, p.965ffj. 

Finally, this study confirmed that. despite the increased resolution of the 

chemostratigraphic record, several questions related to the early Aptian paleoenvironmental 

scenario remain without any answer. Moreover, the until today cl”“litative-semi quantitative 

approaches reported iI1 the literatLlre (With exCepti of CJCM-Irtddhg) prOVide Only 
highly speculative solutions about the timing. the duration the extent of 

paleoenvironmentally relevant events and their feedback responses. In this context, the 

significance and the time control. for instance, of the orbital cycles during the lower early 

Aptian dominated by intensified greenhouse conditions are not understood, although there 

are evidences of orbital forcing-controlled sedimentation also in black shale intervals (e.g.. 

Cenomanian/Turonian OAE2) [Sutwiento et trl., 19S8, p. 135; O,~lcsl?); crrz~~’ Park, 1989, 

p. 14798ffl. Furthermore, although the large scale continental distribution in the early Aptian 

is nowaclays known, the small scale distribution. for instance in the western Tethys Area, 

is not yet resolved. Accordingly, the recent works of Hllt(~ n~ir Tiedemrtrm [ 1998, p.6741 

and Toggweiler crr~cl S~~~r~els [1998a, p.23, 1998b, p. 1836) emphasized the significance of 

the opening of even very restricted E-W oriented gateways on the thermohaline circulation. 

As a further example, an improved accuracy of the timing of significant tectonovolcanic 

events is required to clear the causal effect of these events on the carbon- , nutrients- and 

water cycles. In this context, recent publications emphasized that well dated Holocene 

explosive volcanic eruptions caused short-term atmospheric cooling, but not warming, 

due to the release of sulphuric acid aerosols of low atmospheric residence time [BG@ et 

al., 1998,451; dc Silt~n am/%iciir~ski, 1998> p.4571. The relevance of sulphuric acid aerosols 

released during persistent flood basalt production (>5 Ma) in the early Aptian is not 

documented. Stuclies of recent Hawaiian basalt eruptions and MORB basalts, the modern 

volcanic types most similar to the early Aptian Pacil’ic basalt plateaus eruptions [e.g., 

T~ztsun~i et NI., 1998, p. 152ff], reveal that the accurate clual’ltificatioli of sulfur emissions is 

still difficult [e.g., Jmthotz, 1994. p.SOOff; Clcrr-~11i cr~zzl CVchstel-, 1994; p.2441. Moreover, 

the even more difficult sulfur quantification on stratovolcanoes does not reveal if explosive 

eruptions are more relevant for climatic cooling than basaltic effusions. 

Finally, further factors which may have played an important role during the early Aptian, 

such as the terrestrial and shelf OM burial. are not yet intensively investigated. or their 

geological evidence is missed. As an example, today the terrestrial Corz-sink has the major 

relevance on the global Corg burial than the oceanic pool as recently confirmed by Decrrl 

and Gorhn772 [ 1998, p.5381: although the terrestrial carbon pools SLKAI as peatllancis, lakes 



and reservoir sediments cover only -2% of the total Earth’s surface, they accumulate three 

times more than the world’s oceans which cover -7 1% of the total Earth’s surface area 

[Decry and GOI-IINIPI, 1998, p.5371. It is noteworthy that in this calculation, forests, grasslands 

and soils are not considered. Moreover, Aptian source rocks of lacustrine sediments are 

widespread in central Africa and central South America [e.g., A\wcnt et 01.: 1992, p, lfl]. 

Other events? such as the explosive sublimation of methane clathrates, may have had a 

crucial role in the evolution of the ~reenliouse Exth [Kvcwo~~~~~, 1993, p. 173ffY Di~ke~2,s 

et rrl., 1997, p.2611, since in the stratosphere methane is decomposed forming water and 

stratospheric clouds may warm up the poles [K~~orl ct NI.? 1998, p.261. However, in the 

absence of any direct geological evidence from the past, this recently postulated scenario 

has n merely speculative role. 
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Lithological Symbols 

Limestone 
(TOC 0.5-l wt%) 

Many Limestone 
(TOC <0.5 wt%) 

0 Chert 

. - phosphatic clasts 

nn/vvvv\/\ disconformity 

Abbreviations 

IS: illite-smectite mixed layers minerals 

OM: organic matter (sl.) 

Corg: organic carbon 

TOC: total organic carbon 

TIC: total inorganic carbon 

Carb: carbonate carbon 

Norg: organic nitrogen 

DPD: disodium peroxodisulfate 

Marl 
(TOC <0.5 wt%) 

Marl 
(TOC 0.5-l wt%) 

“Black Shale” 
(TOC r-l wt%) 

2” bioturbation 

~5 lamination 



320 Section IO: .4ppemIi,r 

1: 
Figure 10.1. X-ray diffractogram of a smeared film of tetradecanol (C,,,H,,OH) used for the low- 
angle calibration of the XIiD apparatus. According to B~+mlle~~ trr~/ Wiru [ 1974, p.3 1 S] all reflections 
of tetradecanol should be symmetric. The low angle shoulder resulting in the asymmetry ofthe peaks 
is an artefact due to the apparatus geometry. The asymmetry is particularly pronounced at 2 “0 ~10 
but does not concern the diagnostic reflections wed for the calculation of the expandability of illite- 
smectite. 
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Figure 10.2. Calibration curves obtained from 3-comI~onent artifkial mixtures (Section 23.5) for the 
quantification of feldspar, ilk and IS in X-ray diffractogrnms of poorly-oriented samples. 
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in the literature. 
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. . Figure 10.4. ‘l’hin sections micrographs of the 
Maiolica linlestoncs (GC 29 anti 3h), the IS (CX 
S 5. 15, and 17) and the Scisti a Fucoidi (GC 38) 
from Gorge a Cerbwa. (S: crossed nicols; li: 
parallel nicols). 
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Units: 



m CaCO TOC S Tmnx HI 
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16.2 16.6 0.3 1l.d. 1l.d. Il.& 

16.4 1l.d. 1l.d. 1l.d. l1.d. 1l.d. 

16.6 t1.d. lid. n.cl. Il.& 11 .d. 
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17.8 13.9 0.6 1l.d. l1.d. n.d. 
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18.6 14.6 0.4 Il.& Il.& t1.d. 

18.8 16.1 0.4 1l.d. Il.& 1l.d. 

18.96 7.6 0.3 1l.d. 1l.d. 1l.d. 

19.17 17.3 0.3 n.tl. 1l.d. 1t.d. 

19.26 19.2 0.6 r1.d. 1l.d 1l.d. 

19.32 19.2 0.4 1l.d. IlLi. 1l.d. 
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20.05 62.7 5.65 2.02 421.5 264.3 
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20.24 IL& 4.8 10.8 403.5 54.6 
20.34 70.6 6.3 2.13 419 399.3 
20.46 64.6 6.8 t1.d. 4195 392.5 
20.5 52.6 5.7 2.87 416.5 458.5 
20.54 61.1 4.3 L.9 417.S 444.1 
20.66 73.3 6.0 2.3 413 481.5 
20.7 54.6 5.5 1l.d. -t180 514.9 
20.78 66.9 5.1 1.84 420.5 445.4 
20.82 65.1 7.05 2.39 418.5 323.S 
20.86 61.1 4.5 1.99 415.5 252.5 
20.9 73.2 4.4 1.31 411.5 386.2 
20.94 73.1 4.5 1.91 41s -188.3 
21.05 53.1 4,s 2.4 l1.d. x-l.7 
21.17 59.2 4.7 1.77 -1x 118.7 
21.21 62.9 5.1 2.65 420 436.8 
21.27 38.2 4.2 2.03 417.5 342.6 
21.31 nd. 0.6 3.6 -117 75 7 I_.I 
21.39 67.0 4.3 1.56 118.5 500.9 
21.47 76.1 3.9 1.S6 41-1.5 143.4 
21.52 55.1 5.05 2.66 417.5 376.6 
21.58 0.6 1.1 3.97 421 906.3 
21.69 0.01 3.1 4.66 411.5 186.1 
21.75 0.01 2.7 II 407 61.3 
21.79 0.01 4.0 9.3-l 1l.d. 1l.d. 

22.08 9.2 2.4 t1.d. l1.d. l1.d. 

22.4 5.0 0.9 t1.d. 1l.d. 1l.d. 

22.89 13.1 0.S t1.d. 1l.d. 1l.d. 

23.4 10.2 0.3 Il.& t1.d. il.& 

23.6 0.9 0.6 t1.d. 1l.d. 1l.d. 

24.16 11.2 2.7 i1.d. t1.d. 1l.d. 

24.98 n.d. 1.9 1l.d. 1l.d. 1l.d. 

1.32 -3,s -23.1-c 
1.39 -3.7 I1.d. 

1l.d. 1l.d. -13.78 
0.86 -3.45 11.d. 
0.07 -4.04 -71.07 
0.95 -3.66 n.tl. 

I.65 -3.74 -11.01 
3.13 -3.4 -24.64 
3.65 -3 x2 -'J.-Y 
3.75 -i:ol! -G -.. 71 
3.x.! -3.63 -34.09 
3.97 -3.17 -23.37 
7 27 L.-J -3.86 -24.42 
-5.75 -4.6s -73.72 
3.15 -3.87 -2.3, 16 
2.91 -3.15 -21.49 
7 57 I._ -2.68 -24.17 
0.36 -3.19 -24.11 
-1.05 -2.61 -?.S.ll 
4.1s -3.4 -24.81 
1.1-l -3.53 -14.31 
0,s -1.6 -79.71 
-1.15 -5.46 -19.51 
-3.03 -5.31 -7s.33 
-1.12 -5.35 --?S.99 
-6.72 -4.46 -29.69 
-5.1 -5. I s -28.94 
-6.64 -1.SS -29.05 
-6.39 -s.2_1. -'X.67 
-5.97 -1.116 -'9.84 
-4.53 -5.09 -7x.25 
-6.55 -5.07 -79.47 
-6.43 4.6 -29.0s 
-11.35 -4.98 -39.19 
-9.72 A.99 -27.x7 
-IO.32 -4.X' -19.89 
-10.32 -3.83 -29.86 
1l.d. J1.d. -29.22 

-6.46 -3.53 -29.93 
-S.c)OS -4.9 -30.0s 
-10.54 -4.86 -30.59 
-10.39 -5.0X -29.39 
-9.LS -5.11 -19.02 
-lO.SS -1.99 -78.58 
-6.69 -5.M -79.72 
nsi. r1.d. -x.ss 

-6.17 -6.37 -7S.95 
-7.38 -4.42 -79.17 
-9.11 -3.61 -11S.78 
-9.19 -5.12 -30.02 
1l.d. l1.d. -76.5 
- 10.3s -s.os -23,s 
1l.d. 1l.d. -39.1 1 
-4.06 -S,U -28.17 
1.64 -3.71 -25.31 
-3.19 -0.89 -76.67 
0.76 -3.61 -24.37 
0.72 -7.35 -21.12 
0.69 -3.23 -24.5 
-9.2 -0.03 -25.36 
-5.SS -3.61 n.d. 

AWC 

21.56 
l1.d. 

l1.d. 

Ild. 

24.99 
1l.d. 
25.66 
27.77 
27.97 
27.46 
27.91 
27.04 
25.5 
2s.4 
27.57 
26.66 
25.73 
24.85 
23.12 
28.59 
26.25 
24.81 
28.26 
25.3 
27.57 
22.97 
23.84 
22.41 
22.28 
22.28 
24.94 
22.5 
22.71 
L6.52 
20.17 
19.54 

ML 

23.47 
21.145 
20.05 
19 
19.87 
IS 
22.53 
1l.d. 

'? 68 . ..A. 
22.09 
19.64 
70.83 
Ml. 

18.12 
1l.d. 

24.1 I 
26.95 
23.48 
35. I3 
7i 1-i I_. 

1.19 
16.26 
1l.d. 

l1.d. 

Table 10.2. Geochcrnicnl data of the cores KB40/50, Hohg~clsen. 1~otvcl- Saxony Basin, 
Germany. For units, set Table 10.1. 



No. m 

331) 43.92 
33 43.8s 
33n 43.85 
32 43.43 
31 43.33 
30 41.93 
29 32.63 
28 42.4 
27 42.075 
26 41.75 
25 41.625 
24 41.37 
23 41.1 
23a 41.05 
22 30.795 
21 3O.M 
20 40..37 
19 40.15 
18b 39.93 
18a 39.S’ 
18 39.7% 
17 39.34 
16 39.235 
IS 39.14 
1% ?‘-).I2 
1% 39.09 
1% 39.06 
14 39.01 
13 is.c)s 
12 38.88 
11 38.85 
lob 38.35 
10 38.25 
9 37.5 
8 37.25 
7 36.48 
6 31.1 
5 34. IS 
1 3.3.9 
31) 12.75 
3 32.69 
2 37.61 
1 33.1s 
32.21 32.2 I 
3o.s 30.56 
30.531~.30.55 
30.53 30.53 
28.5 28.5 
2-1.77 24.77 

--- 

n.d. Ml. 
0.25 0.1 
Il.& l1.d. 

0.24 0.1 

0.25 0.1 

53.ss 0.2 

16.12 0.3 

64.58 0.2 

69.87 02 
61.65 0.3 
67.99 02 
68.7 0.2 
52.77 0.3 
1l.d. 1l.d. 
68.75 0.3 
63.73 0 
ss.02 0.1 
63.10 0.7 
t1.d. t1.d. 

1l.d. t1.d. 

70.97 0 
63.72 0.2 
65.73 0.3 
J1.d. t1.d. 

t1.d. t1.d. 

t1.J. t1.d. 

63.41 0.2 
47.15 1.1 
62.52 0.2 
4s.23 0.1 
63.69 O.-i 
t1.d. t1.d. 
70.8 I 0 
78.91 0 
65.02 0.2 
68.S6 0.1 
81.81 0.3 
41.81 0.7 
75.9 0.4 
t1.d. 1l.d. 

so.1 I 0 
12.32 0.9 
69.37 0.1 
89.63 0 
n.cl. nd. 
t1.d. n.d. 
53.19 1.3 
50.98 0 
n.d. n.d. 
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1.3S4 -1.66 
1.76 -0.834 
2.67-l -2.S26 
9 A.> - -2.56 
1.46 -2.64 
2.685 -3.155 
2.336 -2.361 
L.-t59 .-2.642 
2.381 -2.462 
x-177 -:3.21 
2.532 -3.OS6 
2.239 -3.577 
2.373 -2.945 
1 $? -._ - -2.542 
2.532 -3.07 
2.375 -3.326 
2.464 -3.388 
2.19 -3.484 
2.5 -3.415 
7.373 -2.945 
2.564 -3.253 
2.155 -3.06 
1.646 -3.49 
1.94 -3.25 
1.99 -2.75 
2.02 -3.25 
2.11 -3.752 
1.9x4 -2.825 
17.131 --3.042 
1.947 -".973 
2.112 -5.122 
2.111 -3.31 
2.213 .-‘I.701 
1.262 -3 313 _ ._I 
1.387 -3.072 
2.44 -3.0s 
1.360 -2.611 
3.56 -2.578 
T-177 -3.165 
2.49s -2.s9s 
2.1J7 -2.7-19 
7.732 -2.911 
1.377 -3.159 
2.2-17 -1.957 
1.68 -2.5.: 
2.89 -3.04 
2.9s.3 -2.849 
3.06 -7.697 
2.53s -3.1 I? 



GC07 
GC08 
GC09 
GClO 
GCll 
GC12 
GC13 
GC14 
GC15 
GC16 
GC17 
GC18 
GC19 
GC20 
GC21 
GC2la 
GC22 
GC23 
GC24 
GC24a 
GC25 
GC26 
GC27 
GC29 
GC30 
GC32 
GC33 
GC34 
GC34a 
GC3S 
GC3Sa 
GC36 
GC36a 
GC37 
GC3X 
GCSl 
GCS2 
GCS3 
GCS4 
GCSS 
GCS6 
GCS7 
GCS9 
GCSlO 
GCSll 
GCS12 
GCSl3 
GCSlJ 
GCSlS 
GCSlSa 
GCS16 
GCS 16a 

22.3s 95.9 0.09 476 77.7 
23.2 79.1 2.1 I 169.1 
23.25 47.2 2.4 42s lSl.6 
23.32 94.3 0.09 511 11.1 
26.22 57.2 4.8% 410 206.6 
2fh.32 94.6 0.15 540 6.6 
26.37 96.9 0.04 541 25.0 
28.02 96.4 0.03 535 35.3 
29.12 27.2 2.41 429 149.7 
29.25 95.2 0.08 469 37.5 
30 16.5 5.14 425 235.7 
30.1 I 94. I 0.21 543 4.7 
32.2 83.0 0.29 n.d. 1l.d. 
32.34 10.9 258 n.d. nsl. 
32.43 88.3 0.31’ n.d. n.d. 
32.55 58.4 I .I5 429 146.1 
33.94 91.3 0.21 n.d. n.d. 
33.98 53.2 1.12 nil. n.d. 
34.05 93.9 0.44 nd. n.d. 
34.85 57.5 2 427 223.5 
35.14 65.1 0.1 J1.d. J1.d. 

35.2 38.3 5.5 n.d. n.d. 
35.25 93.0 0.36 n.d. n.d. 
36.71 63.6 1.53 n.d. 1l.d. 
36.82 57.8 0.2 n.d. n.d. 
36.9 1 3d.t) 4.35 J1.d. J1.d. 

36.95 89.6 0.86 n.d. t1.d. 
3 6.9 X 6 3.9 3.3 1l.d. t1.d. 
37.00 74.1 0.23 410 34.7 
37.03 45.3 3.47 427 217.8 
37.05 67.7 1.52 426 176.3 
37.09 85.7 1.4 1l.d. 1l.d. 

37.11 85.1 0.29 5.36 10.3 
37.51 X5.9 0.37 t1.d. J1.d. 

37.77 SO.8 0.24 n.d. 1l.d. 

37.83 55.7 0. 16 11.13. J1.d. 

38.07 65.6 0.03 i?S 66.6 
38.1 43.3 0.03 541 25.0 
38.13 SO.6 0.1 n.ci. 1l.d. 

35.3 4S.8 6.35 11.d. l1.d. 
38.35 29.1 3.3 I -1’77 212.0 
38.38 0.0 0.07 463 71.1 
38.45 0.6 0.03 S-10 33.3 
3s.53 0.3 3.79 41s 295.7 
38.57 0.0 0.03 5.35 0.0 
3S.62 0.0 0.04 442 125.0 
3S.63 0.0 0.07 536 0.0 
38.6s 0.0 0.72 J1.d. 1l.d. 

38.82 0.0 0.37 414 78.3 
38.88 0.0 1.2: 43.0 165.55 
39.03 I.8 6.42 n.d. n.d. 
39.08 0.0 3.33 422.0 350.45 

r1.d. 1l.d. -77.63 
11.11. t1.d. l1.d. 
11.11. 1l.d. l1.d. 

l1.d. l1.d. 1l.d. 

l1.J. 1l.d. -2-1.27 
11.11. 1l.d. -25.3 
l1.d. t1.d. -24.9 I 
1l.d. t1.d. -24.71 
1l.d. l1.d. -20.8s 

1l.d. 1l.d. -35 -_ .A.... 13 

l1.d. 1l.d. -27.93 
1l.d. l1.d. -25.54 
Il. Cl 1l.d. n.d. 
1l.d. 1l.d. 1l.d. 

7..339 -. 1 .79 1 J1.d. 

1l.d. t1.d. -26.27 
-.__ 19s 7 -3.126 d 1l.d. 

2.4 I1 -1.05 1l.d. 

3_.307 -2.145 1l.d. 

J1.d. 1l.d. -14.97 
2.3().? -2.05 i J1.d. 

1l.d. 1l.d. 1l.d. 

1.3S6 - 1 .is 1 Jld. 

3.0-l’) -2.364 11.d. 
‘1.5 i - I .s I3 t1.d. 

7 969 L.. -‘.092 - n.d. 
2.49 -3. I n.d. 
7.49 -7.1 Ml. 

2.696 -2.876 -24.55 
3.95 I -7.339 -26.47 
1l.d. 1l.d. -26.23 
2.158 -I ,552 1l.d. 

t1.d. 1l.d. -24.96 
2.6S3 - 1.98 t1.d. 

7.79 -1.01 1l.d. 

3.1 I I .98 Il.& 

3.11 - 1 .!I9 -24.76 
2.X5 -7.osfJ -24.02 
2.644 -7.7-f 1 1l.d. 

2.657 -3.735 1t.d. 
1.13 -7.18 -27.75 
t1.d. t1.d. -37.06 
1t.L 1l.d. -2.6 ._ 57 I 

t1.d. 1l.d. -27.74 
1l.d. l1.d. -27. I4 
1l.d. 1l.d. -3.X02 

t1.d. nsl. -16.4 12 

1l.d. 11.d. 1l.d. 

l1.d. 1l.d. -137.85 
n.d. t1.d. -75.32 

1l.d. ?l.Cl. 1l.d. 

n.d. 1l.d. Il.Cl. 
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NO. m CaCO, TOC ‘I’rttn.~ HI ~'"Ccarl~ tP0 6°C "rg 

GCS17 
GCSl8 
GCSlY 
GCS19a 
GCS20 
GC39 
GC39a 
GC40 
GC42 
GC43 
GC45 
GC47 
GC47a 
GCJX 
GC49 
GC50 

39.12 1.0 15 nsi. 1l.d. 
39.23 0.0 0.7-i 537 4.0 
39.36 0.3 11 l1.d. nd. 

30.3s 0.0 3.72 424.0 317.69 
39.6 7.0 0.1 ns, Il.& 
39.71 3?.S 0.06 Il.& 1l.d. 

39.75 5 I.4 0.07 0 32.5 
39.77 40.9 0.07 1l.d. nsl. 
40.62 63.0 0.11 n.tl. nd. 
40.68 23.5 0.09 t1.a. n.ii. 
41.a 53.3 0.05 l1.d. 1l.d. 

41.99 47.7 
31.; 

0.11 n.cl. nd 
42.05 0.02 539 0.0 
32.94 37.4 0.13 n.tl. 1l.d. 

33.05 55.7 0.02 543 100.0 
-L?.Xc) 70.5 0.0s lid. IlSl. 

n.a. n.d. 1l.d. 

nd. l1.d. -24.3 1 
1l.d. l1.d. 1l.d. 

n.d. 1l.d. -25.5 1 
2.662 --2.375 nd. 
4.529 -2.185 n.d. 

1l.d. 1l.d. -24.02 
4.12X -2.276 1~x1. 
4.37 1 -2.273 nd. 
4.575 - 1 .so3 11.a. 
3.75 -2.55 n.d. 

2.88 -2.19 1l.d. 

Il.& r1.d. Ml. 

3.667 -2.106 n.d. 
Ml. n.d. nd. 
2.903 - 1.222 n.tl. 

‘I’ablc 10.4. Gcochemical data of the Gorge a Cerbara section. Umbra-Marchem Basin. 
Appennincs, central Italy. For units, see Table 10. I. 

No. m CaCO, TOC S Tmas HI s2 @T4Xg G”Nov; 

APO1 
APO2 
APO3 
APO4 
APO5 
APO6 
APO7 
APO8 
APO9 
APlO 
APlt 
AI’12 
AP13 
AP14 
fW1S 
AP16 
API8 
AI’17 
AP18 
AI’1 9 
APl9a 
AP19b 
AP20 
AP2 1 
AI’22 
AP23 
AP24 
AP25 
4P26 
AI’27 
AP28 
AI’29 
AP30 
AP31 
AP33 
AP34 

114 60.6 
123 35.2 
1.35 0 
150 0 
1.54 0 
156 0 
176 0 
201 0 
214 0 
216 0 
219 0 
221 0 
223 0 
223 0 
230 0 
233 0 
237 0 
240 0 
259 0.5 
286 0 
29 1 1.7 
299 0 
303 0 
317 0 
31x 0 
320 0 
321 0 
327 1 .a 
340 0 
333 16 
33s 7.21 
356 19 
359 0 
36X 45,s 
371 ‘19 

0 0.01 552 
0.04 0.01 54s 
0.2 1 0.02 543 
0 0.04 548 
0.75 0.04 425 
0 0.0) 

0.1” 
549 

0 542 
0.01 0.04 457 
0 0.04 53s 
0.1 I 0.03 551 
0. I3 0.03 479 
0.16 0.0s 41s 
0.64 0.07 415 
0 0.02 43s 
0.23 0.02 549 
0 0.02 433 
0.8 0.08 546 
3.24 0.03 
0.04 0.08 129 
7.0’ 0.2 550 
0.19 0.97 121 
0.5 0.09 434 
0.06 0.02 42s 
1.92 0.08 44.2 1 
1.5 0.29 433 
I .6 0.59 4.30 
.:.I3 0.14 431 
11.1 0.55 427 
0 0.35 546 
0 0.01 550 
0.06 0.05 548 
0 0.17 
0 
0 0.02 549 
0 0.01 

t1.d. 

27.47 
43.0s 
n.d 
37.33 
1l.d 

1j.d 

79.79 
il.1 
n.tl 

30.1 s 

55.56 
49.3x 
85.56 
1l.d 
58.95 
1l.d 

0 

181.17 
37.75 
365.67 
438.5 
54.4 
190.75 
175.17 
217.4 
194.25 
403.96 
0 
480.X 
34.78 
0 
0 
0 
0 

19x 57.7 0 0.02 534 0 

0.02 
0.01 
0.0 1 
0.01 
0.28 
0.0 I 
0.03 
0.03 
0.01 
0.05 
0.08 
0.0X 
0.55 
0.0 1 
0.14 
0.01 
0.79 
5.87 
0.03 
15.67 
0.82 
0.17 
0.02 
5.57 
2.6 1 
3.4-i 
6.0s 
4-1.x-l 
0.02 
0.01 
0.02 
0 
0.02 
0 
0.05 
0 

n.ri 

-24.49 
-26.56 
-26.96 
-26.59 
Ml 

-27.04 
-26.22 
-27. IS 
-27.45 
-27.53 
-27.57 
n.d 
-2S.15 
n.d 
-28.19 
-27.8 1 
-28.0 1 
-27.35 
-27.20 
-27.1 s 
1l.d 
-24.04 
-24.29 
-24.17 
-25.37 
-25.42 
-25.74 
-15.69 
-25.17 
t1.d 

-Z’.SO 
37 C)C) _I. 
-33.48 
-23.37 
-?$30 -_ .-_ 

Table 10.5. Geochcmical data of the “Livello Selli” of the S.S. .4pecchicsc road section. limbro- 
Marchean Basin, Appcnnines. central Italy. For units, see Table IO. 1, 
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NO. m CaCO ‘WC S N C/N Trnax HI S2 GYhrb PO L 
3 

2a 
4a 
9a 
IOa 
lla 
13a 
14a 
15a 
16a 
17a 
L8a 
1 
20a 
21a 
2 

% 

2 
7 

1 
10 

::. 

:: 

:z 
17 
18 
19 

El 

2”: 
2;1 

;2 

i;: 
29 
30 
31 
32 
33 
34 

:;5; 

i;: 
39 

1’: 

fii 
44 
40a 
41a 
42a 
43a 
44a 
4Sa 
46a 
47a 
48a 
4921 
!#a 
51a 

G’“Cw~AG’“C S5Norg r) 

-25.29 27.58 -0.12 
1l.d. 1l.d. 1l.d. 

1l.d. 1l.d. 1l.d. 

1l.d. 1l.d. 1l.d. 
-25.16 25.16 -1.43 
-25.17 25.17 -0.7 
1l.d. 1l.d. 1l.d. 

-24.63 24.63 -0.73 
1l.d. 1l.d. nd. 

-24.64 24.64 -0.67 
-27.09 28.S -1.3 
-25.08 27.22 -0.3 
-25.97 27.9 -1.22 
-27.04 28.7 -0.6 
-25.97 27.71 -0.57 
-26.94 28.90 -1.53 
-25.59 37.46 -1.74 
-27.61 ‘8.85 t1.d. 

-27.55 2X.79 -1.53 
-27.47 X.Sl n.d. 

-27.7s 29.28 -1.92 
1l.d. 

-27.41 
t1.d. 

-27.32 
1l.d. 

-26.42 
1l.d‘ 

-28.22 
-25.34 
-25.47 
‘73 51 -UC ._ Li 

-28.28 
-27.89 

0.1 X6.8 Rd. nd. 1l.d. 1l.d. i1.d. n.d. 1l.d. 2.29 -3.13 
0.3 81.1 r1.d. 1t.d. t1.d. 1l.d. Il.& 11X1. i1.d. 2.4 -3.17 
0.8 80.1 n.d. 1l.d. 1l.d. 1l.d. 1l.d. 1l.d. 1l.d. 2.02 -3.23 
1 X4.0 0.15 n.d. 1l.d. 11.d. 1l.d. 1l.d. 1l.d. 2.43 -2.65 
I.1 36.0 1.00 n.il. 0.09 17.2 n,J. ll.Cl, 1t.d. 2.45 -2.85 

1.3 72.0 0.20 n.tl. 0.05 14 t1.d. 11.11. n.d. I .7 -3.05 
1.6 33. I l1.d. 1l.d. l1.d. 1l.d. 1t.d. 1l.d. l1.d. 1.39 -3.30 
1.7 81.2 0.50 r1.d. 0.05 10 1l.d. l1.d. 1l.d. 1.75 -3.16 
I .93 84.1 1l.d. n.d. 1l.d. 1l.d. l1.d. 1l.d. 1l.d. 2.19 -2.56 
2.07 84.0 0.63 l1.d. 0.05 12.6 l1.d. 1l.d. 1l.d. 2.05 -2.70 
2.5 7s.4 0.59 i1.d. Il.& 1l.d. l1.d. n.d. n.d. 1.71 -3.21 
2.62 53.3 0.3s 0. IO 0.08 5 442 33.8 0.1 2.14 -3.39 
2.7 85.0 2.3 1 1l.d. 0.17 19.2 t1.d. l1.d. t1.d. I .T? -2.52 
3 79.4 0.74 i1.d. 0.09 s.7 

iris 
Ml. 1l.d. II .cl . 1.66 -3.08 

3.05 82.2 0.00 0.02 0.04 455 1t.d. 0.0 1.74 -3.20 
3.1 33.8 1.41 0.01 0.5 2.4 411 61.S rid. 1.96 -3.38 
3.2 33.4 1.48 0.04 0.19 31 443 65.9 1.0 l.S7 -3.5x 
3.31 36.7 0.48 0.02 n.cl. nd. 432 41.5 0.2 1.24 -3.68 
3.45 32.4 3.52 0.08 0.07 16.4 439 96.0 1l.d. 1.24 -3.37 
3.49 54.5 0.55 0.20 t1.d. 1l.d. 43s 36.0 0.3 I.34 -3.44 
3.55 51.1 2.81 0.10 l1.d. 1l.d. 33s 107.0 2.9 1 .so -3.26 
3.7 68.0 0.27 0.05 n.d. t1.d. 441 36.5 l1.d. 1.44 -2.95 
3.7s 8.3 0.99 0.02 1l.d. n.d. 441 49.6 0.5 1 .35 -3.16 
3.51 14.7 0.33 0.01 1l.d. 11x1. 446 h-L.0 1l.d. 1 .o!, -3.12 
3.92 19.7 0.10 0.08 0.03 35.3 438 48.5 0.1 1.76 -4.38 
3.94 15.9 0.19 0.04 1l.d. 1l.d. 451 17.1 l1.d. I.14 -2.81 
4 24.4 1 .6S 0.09 nd. t1.d. 439 77.1 I.3 1.25 -2.75 
4.09 6.4 0.16 0.02 1l.d. n.d. 434 3 I .6 1l.d. 1.13 -3.46 
4.12 23.6 0.97 0.13 0.07 21.5 448 97.‘) 0.9 1.38 -5.03 
4.21 31.6 0.36 0.03 0.09 IS.5 445 36,s n.d. 1.20 -3.16 
4.3 37.7 0.40 0.07 0.09 23.9 442 73.2 0.3 1.16 -3.38 
4.37 38.8 0.70 0.10 0.09 23.4 44.3 7.7 t1.d. 1.14 -3.93 
4.49 36.9 I. 10 0.05 t1.d. 1l.d. 342 74.3 0.8 1.27 -3.50 
4.495 33.8 1.11 0.01 0.24 30.1 444 8.0 1l.d. 1.34 .-3.20 
4.6 38.6 1.41 0.09 0.27 37.4 441 95.7 1 .3 I .43 -2.S7 
4.7 36.9 1.55 0.03 0.14 21.4 445 171.6 1l.d. 1.38 -2.x0 
4.79 34.8 2.13 0.03 0.11 23.1 441 119.7 2.5 I.36 -3.28 
4.89 26. I 5.03 0.1 I n.cl. Ml. 440 173.6 n.d. I.60 -3.34 
4.94 49.2 4.S9 0.37 0.09 20.4 438 275.!) 11.0 2.57 -3.52 
5.02 54.1 0.35 0.1 1 0.10 20.0 438 334.1 1l.d. 2.5 1 -3.13 
5.08 45.9 1.40 0.11 0.14 25.1 442 72.9 1 .o 2.41 -3.6 1 
5.1x 25.1 4.96 0.10 0.10 25.2 437 153.2 1l.d. 2.95 -3.06 
5.26 52.3 0.93 0.30 0.17 35.4 442 65.5 0.6 2.19 -3.19 
5.45 54.2 0.98 0.07 0.10 20.7 438 63.6 0.6 2.17 -3.11 
5.55 38.3 2.18 0.06 0.15 32.2 435 97.9 2.0 2.76 -3.21 
5.6 34.3 1.29 0.0s l1.d. l1.d. 436 77.3 1.7 2.58 -3.43 
5.66 52.9 2.7s 0. IS nd. l1.d. 441 166.9 4.6 3.02 -3.02 
5.73 49.1 0.95 0.11 0.06 31.1 443 56.8 0.5 1.95 -3.31 
5.81 39.4 2.79 0. I:! 0.07 17.5 438 100.7 2.8 3.12 -3.24 
5.9 50.3 1.35 0.10 1l.d. t1.d. 441 8.i.S t1.d. 2.50 -3.20 

5.95 55.4 0.27 0. I I 0.05 11,s 441 31.0 0.1 2.so -3.63 
6.12 45.5 0.57 0.25 l1.d. Ml. 443 56.2 0.3 2.86 -3.29 
6.57 41.9 0.69 0.03 nd. 1l.d. 44-I 46.5 0.3 3.56 -3.61 
6.79 55.9 0.45 0.0’ 0.04 11.5 443 38.0 0.2 3.48 -if 4? 
6.83 63.0 0. I2 0.03 t1.d. 1l.d. 110 15.4 1l.d. 3 .7 3 -3:9i 
6.91 38.1 0.75 0.02 n.cl. 1l.d. 443 5 I .9 1l.d. 3.71 -3.4-3 
7.1 55.0 0.O.Y 0. IO 0.01 14 1l.d. 1l.d. 0.0 3.35 -3.6 1 
7.17 1l.d. 1l.d. l1.d. t1.d. 1l.d. 1l.d. 1l.d. t1.d. 3.S-t -4.32 
7.35 s3.s 0.50 1l.d. 0.0.3 16.6 t1.d. 1l.d. 1l.d. 3.69 -3.43 
7.46 n.d. 1l.d. 1l.d. 1l.d. nd. 1l.d. 1l.d. 1l.d. n.ci. 1l.d. 

7.65 n.d. ll.il, Il. cl 1l.d. 1l.d. t1.d. 1l.d. t1.d. 1l.d. l1.d. 

7.35 
7.k9 

39.1 0.35 1l.d. 0.93 0.06 t1.d. t1.d. t1.d. 3.93 -3.16 

t1.d. t1.d. l1.d. n.d. 1l.d. 1t.d. n.tl. 1l.d. 3.9 -3.15 
8.06 S4.0 0.15 n.ti. 0.0.; 15.3 t1.d. 1l.d. 1l.d. 3.75 -2.55 
8.24 11.~1. 1l.d. 1l.d. 1l.d. t1.d Il.Cl. 1l.d. t1.d. 3.86 -2.69 
8.32 46.0 0.90 tt.d. 0.06 13.6 t1.d. f1.d. l1.d. 4.02 -3.74 
8.48 47.0 0.50 1l.d. 0.06 14. 1 t1.d. 1l.d. Il.& t1.d. l1.d. 

8.01 35.6 0.93 tt.d. 0.05 IS.5 1l.d. 1l.d. t1.d. 3.16 -3.79 
8.67 id. 1l.d. il.& 1l.d. t1.d. Ml. 1l.d. t1.d. 3.S7 -2.99 

-28.5 
-2s.s 1 
-28.52 
1l.d. 
-25.73 
-25.04 
-25.24 
-25.24 
‘75 q’-> -A._ .L 

-25.33 
-25.48 
-3.03 
-35 5s ..‘_ . 
-24.72 
-14.35 

ll.Cl. t1.d. 

‘S.S9 t1.d. 

1l.d. t1.d. 

29.08 -2.75 
t1.d. 1l.d. 

27.6s -2.2 
r1.d. n.d. 
29.60 - 1.73 
29.54 -1.04 
29.63 -2.28 
29.66 -2.8 I 
29.55 -2.23 
29.23 -3.1 
29.93 -2.05 
31.19 -1.12 
29.88 -3.14 
n.d. l1.d. 

28.39 -1.67 
27.55 -1.42 
27.65 -038 
2X.1’) -1.62 
28.08 -I 2 
27.80 -0.4 I 
28.24 -2.83 
nsl. 1l.d. 

28.6 -2.96 
77.67 - 1.53 
27.47 -1.96 
26.02 - 1.59 
26.55 t1.d. 

26.88 1l.d. 

77.09 - 1.35 
26.86 -0.97 
1l.d. t1.d. 

-23.52 
-73.78 
--24.02 
-173.53 
-23.38 

1l.d. Il.& 
26.27 nd. 

1l.d. 

1l.d. 
-22.92. 
1t.d. 
-x93 
t1.d. 

1l.d. 
-“2.95 
11.d. 
t1.d. 

n.d. 

-22.8s 

-23.6 
-23.13 
1l.d. 

t1.d. 1l.d. 

26.62 -055 
1l.d. 1l.d. 

1l.d. n.d. 

26.SS -0.67 
Ml. nsl. 

1l.d. 1l.d. 
1l.d. n.cl. 
26.9 -1.33 
t1.d. -0.67 
27.29 -2.38 
Ml. 1l.d. 

52a x.95 n.cl. 1l.d. 1l.d. t1.d. l1.d. 1l.d. 1l.d. t1.d. rid. 1t.d. t1.d. n.d. nsl. 
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53a 9.54 46.8 0.82 n.d. 0.07 
54a 9.71 77.0 0.2 t1.d. 1l.d. 

55a 10.03 1l.d. 1l.d. nd. 1l.d. 

56a 10.22 46.S 1.045 1l.d. 
57a 10.27 1l.d. n.d. 1l.d. ll:? 
5th 10.35 67.7 0.63 nd. 0.0-t 
s9a 10.48 36 1 .O? t1.d. 0.08 

60a 10.7s s3 0.1 s 1l.d. n.tl. 

61a 11.11 nd. t1.d. 1l.d. n.cl. 

62a 1 I 36 75.1 0.9 nd. 0.06 
63a 1 I .62 58.1 1t.d. nd. 1l.d. 
64a I 1.69 n.d. 1l.d. n.d. 1l.d. 

6% 11 .78 1l.d. Ml. 1l.d. 1l.d. 
66a 11 .x5 J1.d. n.tl. 11.cl. t1.d. 

67a 12.13 t1.cl. nsl. n.cl. nd. 
6% 12.19 SO.6 n.d. t1.d. n.d. 

69a 12.29 78.4 1.1 n.d. 0.1 

70a 12.52 1l.d. 1l.d. t1.d. J1.d. 

71a 12.64 n.cl. n.d. Jld‘ n.d. 
72a 12.55 83.3 1l.d. Jl.Cl. 1t.d. 
73a 13.04 76.3 n.d. 1l.d. n.d. 
74a 13.2 n.d. 1l.d. l1.d. 1l.d. 

75a 13.25 n.d. 1l.d. 1l.d. n.d. 

76a 13.59 J1.d. 1l.d. 1l.d. n.d. 
77a 13.9 I 74.4 1l.d. J1.d. 1l.d. 

7% 14.13 Ml. nsi. 1t.d. I1.d. 

79a 14.27 n.d. 1l.d. 1l.d. n.d. 

SOa 14.65 n.d. 1l.d. 1l.d. n.d. 

81a 15.2 x1.3 nd. l1.d. 1l.d. 

82a IS.29 n.d. nd. n.d. t1.d. 

83a 15.33 n.d. n.d. nd. 1l.d. 

84a IS.68 n.d. 1l.d. 1t.d. n.cl. 
85a IS.96 63.2 1.18 n.ci. 0.07 
86a 16. I 1 n.d. t1.d. nd. 1l.d. 

87a 16.22 53.3 n.d. 1l.d. n.d. 

ssa 16.65 n.d. n.cl. 1l.d. 1l.d. 

89a 16.56 62.5 n.d. 1l.d. n.d. 

90a 16.96 nd. 1l.d. 1l.d. n.cl. 

9la 17.09 82.5 1l.d. 1l.d. 1l.d. 

92a 17.48 Ml. n.d. n.cl. n.cl, 
93a 17.54 J1.d. nd. 1t.d. l1.d. 

94a 17.77 70.02 0.87 J1.d. 0.05 
95a 18.0’- 1l.d. n.d. n.cl. n.d. 
96a 18.17 nd. n.d. nsi. Jl.Cl. 
97a 18.54 79 0.2 1l.d. 1l.d. 

98a 18.63 40 0.3 1l.d. 1l.d. 

99a 18.71 Jld. 1l.d. n.d. nS.1. 

100a 18.91 3S.9 n.d. n.d. 1l.d. 
lOla 19.08 Il.& n.d. 1l.d. 1l.d. 

102a 19.35 71.7 n.d. nd. nd. 

103a 19.59 n.d. 1l.d. n.d. 1l.d. 

104a 19.87 57.4 0.44 l1.d. 0.0s 
10% 20. I7 f1.d. 1l.d. t1.d. n&i. 

106a 20.4 nd. n.tl. 1l.d. n.d. 
107a 20.43 70 O.-J 1l.d. nd. 

108a 20.56 n.d. Rd. 1l.d. 1l.d. 

109a 20.7 1 57.3 0.56 11.d. 0.05 

11Oa 21.06 1l.d. 1l.d. 11 d I Jl.Cl, 
llla 21.11 nsi. n.d. t1.d. n.d. 
112a 21.2 69.3 nd. n.d, 1l.d. 

113a 21 .s2 t1.d. 1l.d. n.d. 1l.d. 

114a 21.61 1l.d. 1l.d. 1l.d. nd. 

115a 
ll6a 

~3.02 11.79 4S.63 n.d. 0.07 n.d. 0.05 

1l.d. nd. nd. 

117a 22.17 i1.d. 11.d. t1.d. Ml. 

11% 22.3 nd. nsl. n.d. 1l.d. 

119a 22.ss J1.d. n.d. 1l.d. nd. 
120a 22.9s n.d. n.d. n.d. 1t.d. 
121a 23. I2 n.d. nd. n.d. nd. 
.122a 23.6 1 nd. n.d. n.d. J1.d. 

I I .7 1 1l.d. t1.d. 1l.d. 3.99 
1l.d. n.d. nd. 1l.d. 3.74 
n.d. nd. 1t.d. 1l.d. 3.9 

17.42. Il.& 11s~. nsi. 4.39 
n.d. 1l.d. 1l.d. Il. d 3.97 
15.75 t1.d. 1l.d. 1l.d. 4.13 

21.5 nsl. 1l.d. n.d. 4.09 
1l.d. 1l.d. rt.d. 1l.d. 3.88 
1l.d. n.d. t1.d. t1.d. 4.0.3 
I5 n.d. rt.tl, 1l.d. 4.14 

11.c1. 1l.d. I1 .d, 1l.d. 4.07 
n.d. n.d. Lli. 1l.d. 4.23 

n.d. t1.d. 1l.d. 1l.d. 4.19 
n.d. 1l.d. n.d. n.d. 4.35 

n.d. 1l.d. 1l.d. J1.d. 4.11 
n.d. n.d. 1l.d. Jl.Cl. 4.1s 
11 1l.d. n.d. 1l.d. 4.37 
n.d. 1l.d. 1l.d. n.d. 4.3 

n.d. nd. n.d. 1l.d. 4.4 
1l.d. n.d. n.d. n.d. 3.22 

n.tl. 1l.d. 1l.d. n.d. 4.35 
Il.& n.d. 1l.d. n.d. 4.38 

ml. n.d. n.d. Il.& 4.46 
1l.d. n.d. 1l.d. 1l.d. 4.55 

n.d. n.d. t1.d. n.d. 4.51 
n.cl. t1.d. n.d. r1.d. 4.45 

n.d. nsl. n.d. 1l.d. 4.37 
1l.d. n.d. 1l.d. n.d. 1.4 
1l.d. n.d. t1.d. 1l.d. 4.25 
1l.d. n.d. 1l.d. Il. cl. 4.26 
1l.d. n.d. 11.d. t1.d. 3.27 
1l.d. 1l.d. n.d. 1l.d. 4.42 
16.X6 n.d. 1l.d. l1.d. 4.57 
n.d. n.d. t1.d. n d 4.23 

1l.d. n.d. 1l.d. l1.d. 4.23 

1l.d. t1.d. Il.& 11.d. 4.38 
1l.d. n.d. 1l.d. 1l.d. 4.3s 

1l.d. 1l.d. n.cl. 1l.d. 4.35 
t1.d. n.d. t1.d. nsi. 4.38 

n.d. n.d. n.d. n.d. 4.24 

t1.d. n.d. 1l.d. 1l.d. 4.32 
17.1 n.d. 1l.d. n.d. 4.33 
n.tl. 1l.d. n.d. n.d. 4.24 

1l.d. n.tl. n.d. n.d. 4.3 
n.d. n.cl. n.d. n.d. 4.16 
n.d. Ld. n.d. 1l.d. 3.96 

n.ti. 1l.d. n.d. 1l.d. 3.93 

1l.d. t1.d. nd. 1l.d. 3.9 I 
t1.d. n.d. t1.d. 1l.d. -I.16 
n.d. nd. I1.d. 1l.d. 4.19 
n.d. 1l.d. n.d. n.d. 3.91 
8.8 1l.d. nd. t1.d. 3.s7 
1l.d. 1l.d. Ml. 1l.d. 3.85 
11.d. t1.d. 1l.d. nsl. 3.s7 
Il.& 1l.d. 1l.d. t1.d. 3.95 

n.d. n.d. 1l.d. l1.d. 3.96 
Il.:! n.d. n.d. l1.d. 3.s9 
1t.d. 1l.d. 1l.d. Ml. 3.5s 

Il.& n.d. n.d. l1.d. 3.79 
nd. n.d. 1l.d. J1.d. 3.65 
n.d. I1.d. 17.d. n,d. 3.73 
t1.d. nd. n.d. t1.d. 3.57 
1 s.4 1l.d. n.d. t1.d. 3.66 
n.d. n.d. n.d. Ld. 3.63 
1l.d. n.d. n.d. n.d. 3.61 
1l.d. Ml. 1l.d. 11.c1. 3 A9 

n.d. nd. nsl. n.d. .q.> - - 

nd. n.d. n.d. 1l.d. 3.75 
1l.d. n.d. 1l.d. n.d. 3.67 
n.d. 1l.d. 1l.d. 1l.d. 3.47 

-2.81 -22.8 26.79 -1.15 
-3.61 nd. 1l.d. 1l.d. 

1l.d. n.d. t1.d. 1l.d. 

-7 05 -.. . -12 L 48 ‘26.87 -0.1’ -.A 
-2.5 1 n.tl. t1.d. n.d. 

-3.62 -23.34 27.47 -0.61 
-3.04 -23.75 27.s4 -1.98 
-2.75 n.d. n.d. n.d. 
-2.4s n.d. t1.d. n.d. 

-2.55 -23.74 27.SS -0.41 
-2.54 n.d. nd. n.d. 
-2.43 1l.d. n.d. Jld. 

-2.53 1l.d. 1l.d. Ml. 

-2.03 1l.d. 1l.d. 1l.d. 
-3.09 t1.d. n.d. n.d. 

-2.86 Ml. 1l.d. nd. 

-2.57 -24.07 2x.44 -0.23 
-2.64 n.d. n.d. 1l.d. 

-2.35 r1.d. 1t.d. n.cl. 

-3,s 1 nd. 1l.d. 1l.d. 

-2.95 n.d. n.d. Il.& 

-2.91 n.d. 1l.d. J1.d. 

-3.88 n.d. 1l.d. l1.d. 

-.1.31 n.d. 1l.d. nsl. 

-2.7 n.tl. n.d. t1.d 

-2.71 11.~1. n.d. n.d. 

-3.36 n.d. nsl. n.d. 

-2.73 n.d. J1.d. i1.d. 

-2.88 n.d. 1l.d. 1l.d. 

-2.9 1l.d. 1l.d. n.d. 
-2.89 1l.d. n.d. 1l.d. 

-2.76 nd. J1.d. n.d. 

-2.99 -23.36 27.93 -0.6.8 
-2.s5 T1.d. 11.d. 1l.d. 

-4.45 n.d. 1l.d. n.d. 
-2.54 n.d. n.d. n.d. 
-2.89 n.d. n.d. n.d. 

-2.86 nd. n.d. n.d. 

-2.92 n.d. ltd. 1l.d. 

-2.69 n.d. n.d. nd. 

-3.07 17x1. 1l.d. n.d. 

-2.91 -25.21 29.54 -0.67 
-2.75 1l.d. n.d. nd. 
-2.84 t1.d. n.d. nd. 

-3.76 n.d. n.d. n.d. 
-1.917 n.d. n.d. t1.d. 

-3.69 n.d. n.d. nsl. 
4.3s n.cl. n.d. J1.d. 

-3.16 1l.d. t1.d. n.d. 

-3.s9 t1.d. 1l.d. 1l.d. 

-3.1 1l.d. t1.d. n.d. 

-7.99 -23.67 27.54 0.45 
-3.59 ml. 1l.d. 1l.d. 

-3.4 n.cl. ~1.d. n.d. 
-3.7-I l1.d. t1.d. t1.d. 

-3. IS n.d. 1l.d. n.cl. 

-3.58 -22.49 26.33 1.57 
-3.06 n.d. 1l.d. 1l.d. 

-2.78 n.cl. n.d. 1l.d. 

-2.95 n.cl. 1l.d. 1l.d. 

-2.6‘1 1l.d. 1l.d. n.cl. 

-3.07 n.cl. l1.d. nd. 

-3.19 -23.13 26.79 0.01 
-3. 12 t1.d. n.d. 1l.d. 

-3.79 11.cl. n.d. J1.d. 

-1.9 1l.d. 1l.d. 1l.d. 

-3.63 11.d. n.d. 11.tl. 

-3.44 n.d. n.d. t1.d. 

-3.85 n.cl. n.d. Jl.Cl. 

-4.04 f1.d. 1l.d. n.d. 
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123a 23.76 n.d. std. n.d. t1.d. t1.d. l1.d. t1.d. 1l.d. 3.34 -4.88 nd. n.d. t1.d. 

124a 23.81 nd. t1.d. t1.d. n.cl. nd. t1.d. t1.d. n.d. 3.24 -3.9 nd. 1l.d. t1.d. 

125a 24.04 n.d. n.d. n.d. n.d. n.d. t1.d. n.d. n.d. 3.14 -4.24 nd. l1.d. n.11. 

126a 24.09 n.d. n.d. n.d. t1.d. n.11. t1.d. t1.d. i1.d. 3.23 -3.28 1l.d. 1l.d. nd. 
127a 24. 17 53.5 0.53 n.d. 0.05 10.6 t1.d. t1.d. l1.d. 3.21 -3.23 -23.18 26.39 -1.2 
128a 24.55 nd. n.d. nd. nsl. n.d. t1.d. t1.d. 1l.d. 3 -3.15 nd. n.d. n.d. 
129a 24.78 n.d. t1.11. t1.d. n.d. t1.d. n.d. t1.J. r1.d. 2.93 -3.8 n.d. t1.d. 1l.d. 

13Oa 25.1 1 n.d. t1.d. t1.d. t1.d. t1.d. 1l.d. t1.d. 1l.d. 3 -4.25 n.d. t1.d. 1l.d. 

131a 25.29 75 0.25 i1.d. n.d. l1.d. t1.d. n.d. 11.11. 2.58 -3.71 1l.d. t1.d. n.d. 
132a 25.56 n.d. nsl. 1l.d. I1.d. 1l.d. r1.d. 1l.d. t1.d. 3.07 -3.35 nd. n.d. l1.d. 

133a 25.95 57 2.75 n.d. 0.05 15.2 t1.d. i1.d. t1.d. 3.02 -3.26 --23.21 26.33 -0.57 
134a 26.09 n.d. n.d. nd. i1.d. n.11. t1.d. t1.d. nd. 2.97 -3.53 nd. 1l.d. t1.d. 

13% 26.26 11x1. n.d. t1.d. n.d. nsl. n.d. n.tl. l1.d. 3 -3.33 n.d. n.d. 1l.d. 

136a 26.46 62 0.35 n.d. Ml. t1.d. 1l.d. t1.d. n.d. 3.05 -3.94 1l.d. n.d. 1l.d. 
137a 26.93 47.6 2.X3 n.d. 0.09 3 1.44 r1.d. t1.d. n.d. 2.76 -3.34 -25.5~ ?K?S -? I 
138a 27.47 n.d. nil. n.d. t1.d. n.d. n.tl. 1l.d. n.d. 2.85 -3.33 n.d. b ;.a. -’ t1.d. 

139a 27.76 50.6 n.cl. nd. t1.d. 1l.d. n.d. 1l.d. n.d. 2.77 -3.73 1l.d. 1l.d. t1.d. 

14th 28.41 n.d. 1t.d. n.d. t1.d. 1l.d. t1.d. 1l.d. n.d. 2.79 -3.3 1 n.d. t1.d. n.cl. 
141a 28.54 n.cl. 1l.d. n.d. t1.d. n.cl. n.cl. Il.& n.d. 2.65 -4.3 Il.& 1l.d. t1.d. 
142a 28.56 41.67 3.19 n.d. 0.1 3 1.9 t1.d. n.d. t1.d. 2.61 -3.46 -25.78 2X.39 -3.46 
143a 28.95 n.d. t1.d. nd. n.d. 1l.d. 1l.d. n.cl. n.cl. 2.9 -3.97 1l.d. 1l.d. t1.cl. 

144a 29.45 61.5 n.cl. t1.d. n.d. nd. Il.& n.tl. n.d. 2.76 -4.04 1l.d. n.d. t1.d. 

14% 29.65 n.d. 1l.d. Il.& n.d. 11.11. t1.d. 1I.d. t1.d. 2.69 -2.74 n.d. 1l.d. t1.d. 

L46a 30.21 52.6 0.48 n.d. 0.04 12 n.d. 1l.d. 1l.d. 2.65 -4.02 -23.81 26.46 3.5 
147a 30.62 n.d. n.d. n.cl. 1l.d. n.d. 1l.d. n.d. n.11. 2.61 -3.81 l1.d. t1.d. n.d. 
148a 30.95 nd. 1t.d. t1.d. t1.d. 1l.d. tl.d. I1.d. nsi. 2.54 -3.25 n.d. n.d. t1.d. 
14% 31.17 74.4 t1.d. n.d. n.ci. 1l.d. n.d. n.cl. n.cl. 2.75 -3.17 1l.d. n.d. n.d. 
15Oa 32.14 t1.d. t1.d. n.d. 1l.d. n.d. 1l.d. 1l.d. 1I.d. 2.59 -2.84 n.d. n.d. nd. 
1Sla 32.22 69.3 n.d. 1l.d. Ml. t1.d. 1l.d. nd. l1.d. 2.64 -3 1l.d. 1I.d. n.d. 
152a 32.33 nd. 11s~. t1.d. t1.d. 1I.d. n.d. n.d. 1l.d. 2.77 -3.43 t1.d. 1l.d. n.d. 
153a 32.46 52 n.d. t1.d. t1.d. l1.d. n.d. 1l.d. 1l.d. 2.65 -3.57 n.cl. n.d. t1.d. 

154~1 32.63 n.d. 1l.d. n.cl. t1.d. 1l.d. 1l.d. 1l.d. n.d. 2.57 -2.83 n.d. n.d. t1.d. 

1SSa 32.68 36.3-t 2.41, n.d. 0.08 30.25 n.d. n.d. n.d. 2.5 -3.41 -.?6.02 28.52 -I .9S 
156a 32.74 60.9 11.d. n.d. t1.d. n.cl. t1.d. t1.d. n.d. 2.59 -4.05 n.d. n.d. t1.d. 
157:) 32.85 nd. nsl. t1.d. n.cl. t1.d. n.d. tt.d. t1.d. 2.4 -3.08 Ild. t1.d. t1.d. 

158a 32.96 37.3 n.d. t1.d. n.d. 11.11. 1l.d. l1.d. 1l.d. 2.46 -3.25 n.d. n.d. 1l.d. 

159a 33.02 n.cl. n.d. n,rl. t1.d. n.d. t1.d. l1.d. n.d. 2.5 -3.53 1l.d. n.cl. 1l.d. 

16Oa 33.34 37.2 n.d, t1.J. 1l.d. 1l.d. t1.d. I1 d . n.d. 2.33 -3.35 nd. Ml. 1t.d. 

161a 33.39 n.d. n.cl. n.cl. t1.d. n.cl. l1.d. 1l.d. n.d. 2.33 -2.71 n.d. nd. n.d. 
162a 33.4s 41.25 1 .d8 n.d, 0.07i 19.73 Jl.Cl. 11.11. nd. 2.11 -2.92 -2.5.33 77.44 -0.73 
16% 33.53 n.d. IlLi. t1.d. t1.d. n.d. 17.d. 1l.d. 11.11. 2.18 -3.3 1 t1.d. 11.c1. t1.d. 

164a 33.9 32.7 nd. n.d. n.d. n.d. 1l.d. t1.d. t1.d. 2.04 -3.44 t1.d. n.d. n.d. 

165a 34.06 n.d. 1l.d. nd. n.d. nsl. n.d. 11.tl. t1.d. 2.17 -3.56 t1.d. IlLi. n.d. 
166a 34.36 65.5 nd. n.d. 11x1. 1l.d. n.d. 1l.d. n.d. 2.34 -3.08 11x1. 1l.d. n.d. 
167a 34.56 n.ci. t1.d. t1.d. t1.d. nsl. n.d. n.d. n.cl. 3.44 -3.33 t1.d. n.d. t1.d. 

16% 34.65 63.5 n.cl. n.cl. n.d. n.d. t1.d. l1.d. nsl. 2.42 -2.78 t1.d. t1.d. n.d. 
169a 34.72 nd. 11.11. t1.d. 11.d. 1l.d. n.d. t1.d. n.d. 2.09 -4.26 n.d. t1.d. t1.d. 

17th~ 34.87 59.5 n.d. n.d. 1l.d. nd. 1l.d. n.d. t1.d. 2.43 -3. I5 11x1. 1l.d. t1.d. 

17la 35 n.d. 1l.d. t1.d. n.ci. 1l.d. t1.d. n.d. n.tl. z-39 -3.75 17.d. 1l.d. nd. 
172a 35.09 48.6 nd. 1l.d. t1.d. t1.d. n.d. t1.d. t1.d. 2.36 -3.29 1l.d. n.d. n.d. 
173a 35.28 ml. n.d. t1.d. t1.d. t1.d. n.d. 1l.d. 1l.d. 2.36 -3.42 n.cl. n.d. n.d. 
174a 35.35 33.75 11.c1. l1.d. t1.d. 1l.d. 1l.d. 11. Cl. n.d. 2.06 -3.99 n.cl. 1l.d. n.d. 
175a ~_5,9Z 1l.d. n.d. 1l.d. 1l.d. t1.d. 1l.d. nd. Il.Cl. 2. I -3.28 l1.d. r1.d. t1.d. 
176a 36.26 71 .4 nd. 1l.d. 1l.d. n.d. 1l.d. n.d. 1l.d. 2.11 -3.41 n.d. 1l.d. 1l.d. 

177a 36.3 tt.cl 
C4.i i::t: 

1l.d. n.tl. t1.d. 1l.d. t1.d. 1l.d. 2.12 -3.56 n.d. n.cl. n.d. 
17821 1799 36.35 t:.c1. 1l.d. n.d. n.d. n.d. l1.d. l1.d. 2.03 -3.45 1l.d. n.d. nsl. 16.46 

n.d. t1.d. 1I.d. nd. n.d. 1l.d. t1.d. 1.97 -3.5 1l.d. 11.11. n.cl. 
18Oa 36.5 71.4 n.d. n.cl. 1l.d. n.d. t1.d. 1l.d. n.d. 1.93 -3.24 t1.d. t1.d. t1.d. 

181a 36.61 n.d. 1l.d. 1l.d n.tl. n.cl. 1l.d. n.11. n.d. 1.67 -3.92 1l.d. l1.d. 1l.d. 

182.1 36.63 67.2 n.ti. n.d. n.d. n.cl. n.d. t1.d. n.d. 1 .9-i -3.65 n.cl. 1l.d. n.d. 
lX3a 36.S3 nxl. 1l.d. 1l.d. t1.d. n.tl. 11s~. n.d. Il. 11. 1.86 -3.85 n,tl. 1l.d. 1l.d. 

184a 36.91 44.1 n.d. n.d. n.11. 1l.d. n.d. 1l.d. 1l.d. t1.d. n.d. 
185a 37 nsl. 1l.d. Jld. t1.d. 1l.d. 1l.d. 1l.d. t1.d. ::‘1: 1::;; ;:;;: I n.cl. n.d. 
186a 37.14 7X.2 n.d. t1.d. t1.d. n.d. n.d. 1l.d. n.cl. 2 -3.07 1l.d. n.d. t1.d. 

187a 37.59 ti.d. 1l.d. n.d. n.d. 1l.d. 1l.d. n.d. n.d. 1.95 -3.1 n.cl. n.d. nd. 
188a 37.75 72.1 n.d. n.d. n.ci. n.d. n.d. 1l.d. t1.d. I .99 -3.28 t1.d 1l.d. nd. 
lX!Ia 38.03 nd. t1.d. t1.d. 1l.d. 1l.d. 1l.d. n.cl. t1.d. I .7S -3.62 n.t1: nd. nd. 
190a 38.13 84.2 1l.d. n.d. t1.d. t1.d. n.d. n.d. 1l.d. 1 .65 -2.94 n.d. n.d. nsl. 
1c)la 38.26 n.d. 1l.d. t1.d. n.d. 1l.d. l1.d. 1l.d. 1l.d. 1.75 -2.66 n.d. Ml. n.d. 
192a 38.52 74.6 n.d. Jl.Cl. 1l.d. n.d. t1.d. n.d. n.cl. 1.96 -3.25 t1.d. n.cl. n.d. 
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193a 3X.61 nd. nd. n.d. 1l.d. 17.d. l1.d. n.cl. t1.d. 2 -3.39 nd. n.d. 1l.d. 

194~1 38.72 72.7 n.d. 1l.d. l1.d. 1l.d‘ n.cl. l1.d. 1l.d. 1.S8 -2.76 1l.d. nd. 1l.d. 
195 39.05 n.cl. n.tl. l1.d. l1.d. 1l.d. l1.d. l1.d. ns. 2.03 -3.11 n.d. Il.& l1.d. 

Tables 10.7-10.8. Ceochcmical data of the Rotcr Sattel section. Pr&tlp~‘s MCcfianes Ror~~u~des. 
Switzerlantl. 141~ units, see Table 10.1. 



Table 10.9. Geochemicnl (XRF) drttn of the Gorgo a Cerbara section. 
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