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ABSTRACT

The Middle Trassic Grenzbitumenzoneis a 16 m thick sequenceof interbedded,finely
laminated organic matter-richdolomites and black shales. Organic carbon contents in

the dolomites reach 10 wt%, whereas black shales have organic carboncontents of up to

40 wt%. Geochemical calculationsbased on trace metal concentrations in the black

shales together with paleontological and sedimentological data indicate that the

Sediments of the GBZ were deposited at extremelylow Sedimentation rates (2 to 5 m/my)
in a silled shallow marine basin (30-100 m deep) under permanentlyanoxic conditions.

Sedimentarystructuresindicate that the dolomites are the product of periodic turbiditic

transport of carbonate mud into the basin diluting a more or less constant organic
matter-siliciclastic background Sedimentation. Carbon Isotope compositions of the

dolomites ränge from -1.4 to -5.6%o (PDB) indicating that dolomite was formed in the

sulfate reductionzone of organic matter diagenesis. No organic or inorganicgeochemical
evidence for methanogeneticactivity is found in the Sediments, suggestingthat dolomite

may have formed before sulfate was completely depleted from the pore waters.

Sedimentary structures and the small variations in carbon isotopic compositions

suggest that dolomite is mostly of replacement origin.

Commonly,depth and temperatureof dolomite formation are determined solely on
the basis of oxygenisotope thermometry. However, because oxygenIsotope compositions
of dolomite can be modified by late diagenetic exchange with warmer fluids during
burial, the determination of the depth of dolomite formation is always rather

speculative. Synsedimentaryslump structuresin the Grenzbitumenzone,however, allow

the depth of dolomite formation to be constrained and to evaluate the effect of burial

diagenesis on its oxygen isotopic composition. The deformation behavior of various

dolomite layers attest to early lithification, with extensive dolomitization occurring
only a few centimeters to decimeters below the sediment-water Interface. The oxygen

isotope compositions of dolomites, however, show a relatively wide scatter and ränge
from -0.4 to -6.5 %o (PDB). The 8180-values becomemorenegativewith increasinggrain-
size and percentage of late diagenetic dolomite cements. Fluid inclusiondata from these

cements indicate a maximumprecipitation temperaturesof approximately 70°C from

fluids with salinities close to that of seawater. The ränge in oxygen isotopic
compositions of the dolomites is therefore interpreted as the result of partial
reequilibration of early formed dolomite during late diagenesis.

This study shows that the combination of slow Sedimentation rates and high supply of

organic matter are the main factors that favored extensive early diagenetic
dolomitization in the GBZ. The slow Sedimentationrate allowed enough time for

magnesiumand sulfate to diffuse into the pore waters. The high alkalinity produced by
organic matter decompositionthrough sulfate reducing bacteria, combined with the



availabilityof magnesium, led to high dolomite supersaturation in the pore-waters and
to the replacement ofthe abundant precursorcalcium carbonate.

Organic geochemical data indicate that the organicmatter is immature and primarily
of marine origin with a high bacterial contributionand can be classified as type II. A

high contribution of bacterial lipids to the kerogen is indicated by high hopane
concentrations. Variations in maturity-dependentbiomarker parameters, such as

Ts/Tm and 20S/20R sterane isomerizationratlos, observed over a depth ränge of a few

meters, probably reflect changes in bacterial activity and/or redox conditions during
depositionand early diagenesisand cannotbe related to differences in maturity.

Carbon isotope compositions of total organic carbon are unusuallylight for marine

organic matter and ränge from -27.5 to -31.8%o (PDB); S^C-compositionsof the

saturatedand aromatic extractfractions ränge between-28.1 and -32.9 %o and -27.6 and

-32.9.%o, respectively. The most 13C-depleted samples are those which contain the

highestconcentrations of hopanes and have the highest Pr/n-C17 and Ph/n-C18ratios.

The relationship between carbon isotope depletion and biomarker concentrations

indicates that bacteria which used a 13C-depleted source of carbon for their metabolism

are a significant contributorto the organic matter of the Serpiano oil shale.

A model is presented in which Sedimentation and organic matter accumulationand

preservation is dominated by two major factors: the periodic deposition of carbonate

mud turbidites and the presence of a permanently stratified water column in which

cyanobacteria and chemoautotrophicbacteria formed a bacterial plate at the anoxic-

oxic Interface.



RIASSUNTO

La Grenzbitumenzone (Scisti bituminosi di Besano) e composta da un' alternanza di

dolomie laminate e argille bituminöse di 16 metri di potenza. II contenuto di carbonio

organico delle dolomie raggiunge il 10% mentre le argille ne contengonofino al 40%. I

dati geologici e geochimici indicano che i sedimenti della Grenzbitumenzone sono stati

depositati molto lentamente (2.5 m/m.a.) in un bacino a circolazione ristretta con acque

di fondo permanentemente anossiche. Sulla base di dati geologici la profonditä del

bacino e stimata tra 30 e 100 m. Le strutture sedimentarie presenti indicano che la

maggior parte delle dolomie sono calciturbiditi che diluiscono una sedimentazione di

materia organica e detrito siliciclastico. La composizioneisotopica del carbonio delle

dolomie varia tra -1.4 e -5.6%o (PDB). Questo indica che la dolomite si e formata come

conseguenzadell' attivitä di batteri solfato-riduttorinel sedimento. La completaassenza
di segnali geochimici di metanogenesiindica che la dolomite si e formata prima che tutto

il solfato fosse rimosso dalle acque di porositä. Le strutture sedimentarie e le piccole
variazioni in composizione isotopica del carbonio indica che la dolomite rimpiazza un'

carbonato e non e precipitata direttamenteda una soluzione.

La presenza di deformazioni sinsedimentarie indica che gli strati dolomitici si sono

litificati pochi centimetri al disotto dell' interfaccia acqua-sedimento. La composizione
isotopica dell' ossigeno delle dolomitivaria tra -0.4 e -6.5%o (PDB). La variazionenella

composizione isotopica dell' ossigeno e dovuta alla presenza di quantitä minori di

cementi tardo-diagenetici. Misurazioni di inclusioni fluide indicano che questi cementi
sono precipitati a una temperatura di circa 70°C da acqua con composizione
essenzialmente marina. La variazione della composizione isotopica dell ossigeno delle

dolomie e dunque dovuta ad una parziale cementazione e recristallizzazione della

dolomite formata durante la diagenesi precoce. Questo studio mostra che la

combinazione di una sedimentazionelenta associata all' accumulazione di grandi
quantitä di materia organica e determinante per una dolomitizzazionepervasiva di un

sedimento subtidale. La sedimentazione lenta permette a una quantitä sufficiente di

magnesio di diffondere nel sedimentomentre la presenza di materia organica favorisce

la presenza di un' abbondante fauna microbica che aumenta 1' alcalinitä e favorisce la

supersaturazione e la precipitazione di dolomite.

Lo studio di geochimica organica indica che la materia organica e immatura e

principalmente di origine marina (tipo II) e contiene una forte componente batterica.

Questo e suggerito dalla presenza di grandi quantitä di hopani. La variazione di

parametri molecolarigeneralmentedipendenti solamente dalla maturitä, segnatamente
il rapporto Ts/Tm e il rapporto di isomerizzazione degli sterani, indica che 1' attivitä

batterica nel sedimentodurante la diagenesiprecoce puö influenzare questiparametri in

modo determinante.



La composizioneisotopica del carbonio organico totale e molto negativa per un

sedimento marino e varia tra -27.5 e -31.8%o(PDB). La composizioneisotopica degli
idrocarburisaturi e aromaticivaria tra -28.2 e -32.9%o e 27.6 e -32.9%o,rispettivamente.
I campioni con la composizioneisotopica piü negativa sono quelli caratterizzati della

piü alte concentrazioni di hopani e con in piü alti rapporti Pr/n-C17 e Ph/n-C18. La

relazione tre i parametri che indicano attivitä batterica e la composizione isotopica del

carbonio indica che la materia organica della Grenzbitumenzone contiene un

importante contributo di batteri che utüizzavano una sorgente di carbonio arricchita di

12C.
La sedimentazione e la produzione/preservazionedi materia organica nella

Grenzbitumenzone erano controllate da due fattori principali: la deposizione periodica
di calciturbiditi e la presenza di una colonna d' acqua stratificata nella quäle
cianobatterie batteri chemoautotrofi formavano una "placca batterica" alla superficie
della colonna d' acqua anossica.
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CHAPTER 1

SCOPEOF STUDYANDMETHODOLOGY

1.0 Introduction

The discovery of petroleum and its extensive use since the nineteenth Century has

dramaticallychanged our society and greatly influencedworld politics. Oil has become

the main world-energysource and is the main source of base Chemicals for the

production of a wide ränge of synthetic products ranging fromthe plasticbag to high tech
medical products. The high costs involvedwith the search and developmentof new oil

reserves and the predictedexhaustion of the known resourcesin the next 30 to 100 years
has greatly stimulated research on the conditions which promote accumulation and

preservationof organic matterin Sediments. A positive by-product of this research is a

better understandingof the interactions between atmosphere, biosphere and geosphere.
This has led to a better understanding of the climatic evolutionof the earth and gives us

the tools to study the possible consequences of the increase in CO2-content in the

atmosphere from burning of fossil hydrocarbons.
Despite the intensive research,the biological, geochemical and physical factors that

promote accumulation and preservation of high quantities of organic matter in

sediments are still much debated (e.g. Demaison and Moore, 1980; Tissot and Weite, 1984;
Bralowerand Thierstein, 1987; Calvert, 1987; Pedersenand Calvert, 1990). The major
controversies include: the relative importance of primary productivity vs. oxygen
content of the bottom waters, the role of Sedimentation rate, the role of aerobic and

anaerobic bacteria in the degradation of organic matter synthesized by the primary
producers and the importance of chemoautotrophic and photoautotrophicbacteriain the

synthesis of organic matter from CO2. The variety and complexity of the parameters
Controlling the accumulation of organic matter in sediments requires an

interdisciplinary study which, with the Integration of organic- and inorganic-
geochemicaland geological methods, can improve our ability to predict depositional
conditions and locations of petroleumsource rocks. In this study,the organic carbon-
rich sedimentsof the Grenzbitumenzone(GBZ) in the SouthernAlps of Switzerland and

Italy are investigated. These sediments are pervasivelydolomitized and offer a unique
opportunity to combine studies of the processes of organic matter productionand
accumulationwith processes of early diagenetic dolomitization.

With the discovery of Holocene dolomites associated with organic matter-rich

sediments, the spectrum of environmentsleading to early diagenetic dolomitizationhas

been enriched with a new actualisticmodel. Most studiesof recentand ancient dolomites

associated with organic matter-rich sediments, however, have concentrated on deep



marine settings with high Sedimentation rates (e.g. many papers in Garrison et al. (eds),

1984; Shimmield and Price, 1984; Burns and Baker, 1985; Burns et al.,1988; Botz et al.,

1988). Moreover, in most known examples, dolomite represents only a few volume

percent of the total sediment and is generally concentrated in beds or nodules of

concretionary origin. Although these studies have led to a fairly good understandingof
the factors Controlling dolomite formation, a number of important aspects remain

controversial. These include the depth and Urning of dolomite formation, the role of

dissolved sulfate as an Inhibitor of dolomite crystallization and the source of

magnesium.
The Middle Triassic Grenzbitumenzone(Frauenfelder, 1916), a 16 m thick sequenceof

laminated dolomites rhythmically interlayered with black shales, was chosen for this

study as it offers a good opportunityto study pervasiveearly diagenetic dolomitization in

a shallow marine basin where good controls on the timing and depth of dolomite

formation are available. Moreover, the presence of extremely high concentrations of

organicmatter (up to 40 wt% TOC) suggest that the environmental conditionsduring the

depositionof the Grenzbitumenzonewere extreme and ratherunusual in the rock record.

Often the study of extreme and end-membersituations enables a better understandingof
processes that take place under more"normal" earth's surfaceconditions.

1.1 The Grenzbitumenzone:Historical Overview

The Grenzbitumenzone (GBZ) has been the subject of considerable interest to

paleontologistsfor more than 150 years because of its abundant and well-preserved
fauna of vertebrate fossils (e.g Curioni, 1863; Bassani, 1886). As early as 1863,

systematic excavationswere undertakenby the Museum of Natural Historyof Milanoto
search for vertebrate fossils in the Grenzbitumenzone. Since then, many additional

smaller field studies have been completed. In 1950, the Universityof Zürich began an

extensive research program, which included an excavation over an area of

approximately 250 Square meters on Monte San Giorgio, whereby the Grenzbitumenzone

was carefully quarried bed by bed. Through these excavationshundreds of complete and

well-preserved skeletons of saurids and fish, as well as a considerable number of

invertebrate fossils were recovered. As a consequence of this interest and the rieh and

varied fauna recovered, there is abundant literature on the paleontology of the

Grenzbitumenzone,and a large number of the fossils still await examination or are

currently being studied. A synthesis and extensive compilations of paleontological
publications on the Grenzbitumenzone can be found in Lexique Stratigraphique
International, I/II; Kuhn-Schnyder (1974), Rieber (1973), Rieber and Sorbini (1983)Zorn

(1971) and Rieppel (1987). Although the paleontological significance of the

Grenzbitumenzone has been well documented, the sedimentological, diagenetic (in



particular the problem of dolomitization) and geochemical aspects have received

comparatively little attention. The only sedimentological study of the GBZ is that of

Müller (1965) which was mainly limited to petrographic observations. Although an early
diagenetic origin of dolomitizationwas recognized,Müller was unable to characterize

the environmental controls on dolomite formation.

In contrast to the lack of extensivepetrographic and sedimentologicalstudies of the

GBZ, some aspects of the organic geochemistry have been studied in more detail. In

particular, the Isolation and structural determination of porphyrins in the bitumens

have received considerableattention (Blumer, 1950; Thomas and Blumer, 1964; Blumer

and Omenn, 1961; Blumerand Snyder, 1966; Chicarelli and Maxwell, 1984; Chicarelli et

al., 1984, 1987. 1990;Wolffet al., 1983, 1984). Moreover,McEvoyand Giger (1986) studied

the distribution of hopanoids in the bitumen and recognized that the organic matter of

the GBZ had a high contribution of bacterial biomass. However, a systematic
geochemical and petrographic study to determine the petroleum potential and the

environmental conditions that led to the deposition and preservation of these organic
matter-richsedimentswas still lacking. Thus, the main aim of this work is to integrate
various modern-day geochemical, sedimentologicaland petrographic methods in order

to better understand the depositionalenvironment and the early and late diagenetic
history of the Grenzbitumenzone,as well as to characterizethe environmental controls

on dolomite formation and organic matterpreservationin anoxic environments.

The study area is located along the border between southern Ticino (Switzerland) and

Italy. A schematic map of the area showing the outcrops of Middle Triassic rocks is

presentedin Fig 1.1.

1.2 SummaryofResearchObjectives

The present study is mainly concerned with the depositionaland early diagenetic
history of the Grenzbitumenzone and aims to characterizethe source of organic matter
and factors Controlling its preservationin the sediments. Chapter 2 is an overview of the

Middle Triassic stratigraphy of the Monte San Giorgio-Lugano region and provides a

geological framework to understand the significance of the Grenzbitumenzone in the

Middle Triassic evolutionof the region.
Chapter3 describesthe sedimentology and petrography of the Grenzbitumenzone,the

coeval Salvatore Dolomite and the overlying San Giorgio Dolomite. The

sedimentologicaland petrographic characteristics of these rocks are used to constrain

the depositional mechanismsand provide a reconstructionof their diagenetic evolution.

These data allow a refinement of the paleoenvironmental picture inferred from previous
paleobiologicalstudies, (e.g. Rieber, 1973) and adds Information to complete the

paleogeographic model proposedby Zorn (1971) in his study of the Salvatore Dolomite.
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Previous sedimentologicalobservations (Müller, 1965; Rieber, 1973) have shown that

dolomitization in the Grenzbitumenzone is of early diagenetic origin, but it was

necessary to evaluate the extentof late diagenetic modificationin order to determine the

influence of late diagenetic processes on the early diagenetic geochemical Signals.
In Chapter4, major and trace dementgeochemistry of the sediments as well as their

inorganic stable isotope signatures are presented. These data are used to constrain

Sedimentationrates and the Eh-pH conditions during Sedimentationand allow a

characterizationof the Urning and controls on dolomite, phospate, pyrite and quartz
formation. Chapter 5 combines modern organic geochemicaltechniques with organic
carbon isotope studies in order to characterizethe source of the organic matter in the

Grenzbitumenzone and to determine the biological and environmentalfactors that

promote the accumulationand preservationof organic matterin sediments. In addition,

the organic carbon geochemical data allow an evaluation of the importance of bacterial

activity and an estimate of the petroleum potential of the Grenzbitumenzone.

1.3 Methods

X-Rav diffractometru fXRD). Bulk samples and decarbonated samples were

mineralogically analyzed by X-ray diffraction techniques on a Seifert diffractometer

fitted with a Cu-K« radiation. Dolomite stoichiometrywas determined by measuring the

displacement of the (104) peak using quartz as an internal Standard. No correctionfor

the displacement of the (104) peak due to Fe-substitution(Al-Ashimi and Hemingway,
1974) was necessary because of the low iron content (generally < 0.2%) of the dolomites.

Relative percentages of calcite and dolomite were calculatedusing relative peak height on
bulk X-ray diffraction patterns.

Oraanic and inorganiccarbon content Total carbon content was measured using a

Carlo Erba CNS elemental analyzer at the Eidgenössische Anstalt für Wasserversorgung,
Abwasserreinigungund Gewässerschutz(EAWAG), Dübendorf and with a LECO carbon

analyzer at AGIP, Milano. Inorganic carbon was determinedon a Coulometrics 5011

coulometer and organiccarbonwas calculated as the difference between total carbonand

inorganic carbon.

Major dement and trace element analvses. Major and trace elements were

determined by X-ray fluorescence (XRF) on a Phillips PW 1450 spectrometer at the

EidgenössischeMaterialprüfungs- und Forschungsanstalt(EMPA), Dübendorf. For

major elements, approximately 1 g of powder is placed in a ceramic vessel, heated at

1000°C for 2 hours and then weighed to determine the loss on ignition. The powder is

then mixed in a proportionof 1 to 5 with lithiumtetraborate, melted at 1150°C and then



fused into glass discs. Trace elements were determined on pressed powder discs. The

methodwas calibrated against international rock Standards.

Atomic absorption spectrometry. Atomic absorption spectrometrywas used to

determine trace dement distribution in the dolomite. Approximately 100 mg of

carbonate sediment were dissolved in dilute hydrochloric aeid to minimize leaching
from clays. The filtered Solution was diluted to 10 ml in a Volumetrie flask andmeasured

for Fe, Mn and Sr using a Perkin Eimer flame-ionization AAS.

Fluid inclusions. Fluid inclusions were measuredon doubly polished rock slabs

prepared with a cold technique (Reynolds, pers comm. 1988) to avoid fluid inclusion

stretching due to overheating during sample preparation. Temperatures of

homogenization and ice melting in the inclusions were determined by Standard,
calibrated microthermometric methods on a Reynolds-type, heating-cooling stage
mountedon a Leitz microscope.

Carbon and oxuaen isotopes in Carbonates. Carbonate samples for stable isotope
analysis were drilled from polished blocks and then roasted in vaeuum at 400 °C for one
hour to remove reactive organic matter. The CO2 gas from carbonates were prepared
following the Standard procedure (McCrea, 1950). Dolomites were reacted with 100%

phosphoric aeid for 72 hours at 25°C; calciteswere reactedat 25°C for 12 hours. Oxygen
isotope compositions of dolomite were corrected using the dolomite-phosphoric aeid

fractionation factor of 1.01090(Sharma and Clayton, 1965).

Separation of calcite from dolomite in mixed samples was aecomplishedaecording to

the method of Kastner et al. (1984). An aliquot of the mixture was dissolvedby a pH 5-

buffered Solution of Na-acetate and acetic aeid under continuous stirring until the

reactionwas complete. The residue was checked for complete removal of carbonates

using XRD. The isotopic composition of the calcitecoexisting with dolomitewas obtained

by mass-balance calculationsbased on calcite-dolomite percentages determined from
XRD analysis.

Carbon isotopes in oraanic matter. Carbon isotope compositions of organic matter
were measured on samples decarbonatedby reactionwith IN HCl for 12-24 hours. The

carbonate-freesampleswere checkedbyXRD to assure complete carbonate removal. The

method used for organic carbon isotope analysis was described by Craig (1957). An

aliquot of the sample (5-10 mg organic C) is placed in a pre-combustedceramic vessel,
introduced into a quartz glass furnace filled with 1.5 atm of oxygen, and burnt at 900 °C

for 10 minutes. The gas produced is passedthrougha secondfurnace filled with CuO at

750 °C to completely oxidize carbonmonoxide and any uncombustedhydrocarbonsand
then to a third furnace at 450 °C filled with MnÜ2 and silver-wool to remove sulfur and

nitrogenoxides. The CO2 is then cryogenically purified with a mixture of methanol and



dry ice and collected for measurement. The extraction procedure was calibrated with the

NBS-22oü Standard which has a 813C value of-29.81 (SchoeU et al., 1983).

Oxuaen isotopes in quartz. Oxygenwas liberated from quartz by reacting 10 mg of

sample with CIF3 at 600 °C for 15 hours in nickel reactionvessels. Evolved oxygen was

converted to CO2 by high T combustion with carbon in the presence of a platinum
catalyst.The CO2 was then cryogenicallypurified through fractional distillationusing

liquid nitrogen and collected for analysis.

Carbon and oxuaen isotopes in phospate. Carbon and oxygen isotopic compositions of

apatite were determined following a modified version of the procedure outlinedbyMcRea
(1950) and Kolodny and Kaplan (1970). All samples were drilled or broken out from

polished slabs, finely ground by hand in an achate mortar, and checked for purity and

CO2-content by XRD.CO2-contentwas determined with the (004)-(410) peak pair method

of Guldbrandsen (1970). The samplesdetermined to be free from carbonates were treated

with 10 % H2Q2 to remove organic matter and then reacted in 100% phosphoric aeid for

72 hours at 25 °C. Samples containingdolomitewere not measured becauseof the present
inabilityto remove dolomite phases without altering the apatite crystal structure.

The CO2 producedfrom the differentextraction procedures were measured on a VG 903

triple collector mass spectrometer. Duplicate analysis of selected samples showed a

reprodueibility of better than 0.1 %o for carbonand 0.2 %o for oxygenfor carbonates and

phospates, better than 0.3 %o for 813C of organic carbon and 0.2 for oxygen in Silicates.

All the data are reported in the Standard delta notationwith respectto the PDB-standard

for carbonates,phosphatesand organicmatter and with respect to theV-SMOW Standard

for quartz.

Keroaen extraction for palunoloaicalanalusis. Kerogen was extractedfrom crushed

rocks using the Standard HF/HCltechnique (Durand, 1980), mountedon smear slidesand

studied under transmitted, reflected and UV-light. Organic petrological analyses and

vitrinite reflectance measurements were made by AGIP, Milano.

Rock-Eval purolusis. Rock-Eval pyrolysis reproduces natural maturation of

hydrocarbonsin sediments by heating the samplesin an inert atmosphere. Quantitative
measurementof the free and potential hydrocarbonsand the CO2-content of a sample
gives an indication of the type and quality of the organic matter and of the degree of

maturation reached by the sample (see Espitalie et al., 1977; 1986 for a description ofthe

apparatus).Analyses were performed on unextracted crushed rock samples at AGIP,
Milano. Under normal operatingconditionsreprodueibility of the data is ±1 °C forTmax,
± 8% for S2 and ± 10% for S3. A definition of the significance of the parameters
measured by Rock Eval is given in Section5.3.
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Chloroform extraction of bitumen. The studied samples were chloroform-extractedin

a beaker during one hour at 60 °C using 10 ml of solvent per g of Sediment. The extract

was concentrated at room temperaturein a rotaryevaporator and open-air dried. The

relative proportion of bitumen to total organic carbon is expressed as EXT/TOC in mg
bitumenper g ofTOC.

Bitumen fractionation and characterization. The bitumens were fractionated by High
PerformanceLiquid Chromatography (HPLC) into a saturated (SHC), an aromatic (AHC)
and a non-hydrocarbonfraction composedof resins + asphaltenes (NSO). The saturated

and aromatic fractions were studied on a GC/MS system consisting of a HP 5890

gaschromatographwith the capillary columndirectly connected to the ion source of a HP

5970 MSD-massspectrometer.The data were collected in multipleion acquisition mode

and processed on a HP-UX Computer system.Thefollowing operating conditions were

used:

a) Saturated fraction:

column: HP ULTRA 1 (OV1)
carrier: H2 at 16 psi, 2 ml/min

Injection: splitless(T injector at 275°C)

Temperatureprograrnming: 40°C for 1 min, 30°C/min to 100°C and then 4°C/min to

300°C.

Forroutine analyses the following masses weremonitored: 71, 191, 217, 218, 253,
177,231,259.

b) Aromatic fraction

column: HP ULTRA2 (SE 54)
carrier: He at 26 psi, 2 ml/min

Injection: splitless (T injector at 275°C)

Temperatureprograrnming:40°C for 1 min, 30°C/min to 100°C and then

4°C/min.to 300°C.

For routine analyses the following masses weremonitored: 128, 142, 156, 166, 170,

178, 180, 184, 191, 192, 198, 206, 212, 205, 190, 189, 154, 168, 182.

Compounds were identified by comparing their retentiontimes and mass spectra with

literature data and coinjected Standards. Relative abundance of Compounds was

determined by peak area Integration.



CHAPTER2

STRATIGRAPHICFRAMEWORK

2.1 Introduction

The stratigraphic nomenclature of the Triassic of the Southern Alps is complex and

confusing because frequently several Synonyms for the same formation have been

created by geologists of different schools and countries. Moreover, the scarcity of fossils

and the extreme lateral facies variationshave led to contrasting interpretationsand

correlations because age assignmentscan often only be based on large-scale lithological
correlations. Thus, the age boundariesof the formations in Fig. 2.1, which summarizes

the Lower to Middle Triassic stratigraphy of the studied area, are in most cases

approximate as only a few stratigraphically significant fossils have been found. The

nomenclatureused in this work is modified after Bernoulliet al. (1976, GeologicalAtlas
of Switzerland, 1:25000, Sheet Lugano) for the San Giorgio area and taken from Zorn

(1971) for the San Salvatore-Monte Caslano region. The sedimentology and petrography
of the Salvatore Dolomite was thoroughly described by Zorn (1971), therefore, only a

brief summary,with some additions based on observations made during the present
study, is presented here. A more detailed description of the Meride Limestonelithologies
can be found in Wirz (1945). The sedimentology and petrography of the GBZ and some

observationson the petrography of the Salvatoreand San GiorgioDolomites, which are

necessary to understand the presented dolomitizationmodel and the isotope data, are

presented in moredetail in Chapter3.

2J2 General Evolution ofthe MiddleTriassic

The basement of the SouthernAlps of the Lugano region consistsmainly of gneisses
and phyllites, metamorphosedduring the Variscan orogeny, belonging to the Val Colla

Zone and partly to the Ceneri zone (e.g. Reinhard, 1953, 1964, Bernoulli et al. 1976,

Geological Atlas of Switzerland,1:25000, Sheet Lugano; Zingg et al., 1990). Southeast of

Lugano the basement is overlain by a complex of Permian conglomerates, lavas and

pyroclastic rocks of basaltic to rhyolitic composition (e.g. Buletti, 1988 and references

therein).
The oldest unmetamorphic sedimentsfound in the western SouthernAlps are slivers of

conglomeratesand sandstones of Westphalian age (Manno Conglomerate) which are

exposed northwest and northeast of Lugano and are the products of erosion of the

Variscan mountain chain (Lehner, 1952; Jongmans, 1960). Overlylng the Permian

volcanics are red sandstones, conglomerates and shales of the Servino Formation (Late
Permian?-LateAnisian?) which represent sediments produced by the erosion of the

basement and Permian volcanics. In contrast to the eastern shore of Lake Como, the
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presence of the Late Anisian Bellano Formation (Gaetani, 1982; Farabegoli and De

Zanche, 1984; Bertotti, 1991) in the study area cannot be demonstrated because

evaporitic sediments correlatable with the Carniola di Bovegno (Gaetani, 1982;

Bertotti,1991) are missing and the lithologicalsuccession of the Bellano formation is

quite similar to the Servino (Bertotti, 1991). The Servino sediments are associatedwith a

progressivetransgressionof a shallow epicontinental sea from the east towardsthe west.

With this Late Anisian transgression,carbonate platforms began to grow and shallow-

water carbonate Sedimentation became dominant throughout the Lombardian Alps.
Extensional or transtensional tectonic activity associated with extensive volcanism

during the Upper Anisian and Ladinian produced a first fragmentation of the

continental margin and led to the formation of several subbasins with restricted

circulation separated by carbonate platforms (e.g. Brusca et al., 1981; Jadoul and Rossi,

1982, Brack, 1984). In the Lugano region, shallow-water platform Sedimentation

continued unchangedin the north and west (Monte S.Salvatore, Monte Caslano, Val

Ganna), where the Middle- and Upper SalvatoreDolomites were deposited. In the south

(Monte San Giorgio-Besano-Bisuschio),a basin with restricted circulation and anoxic to

disaerobic bottom waters developed in the latest Anisian. The sediments of the

Grenzbitumenzone,San Giorgio Dolomite and Meride Limestoneswere deposited in this

basin. The causesfor the drowningof the Anisian carbonate platform in this region are

unclear. A fragmentation of the crustwhich led to the formation of basins and swells as a

result of extensionaltectonics and differential subsidence was postulatedby Zorn (1971).
However, no positive evidence of tectonic activity or palaeofaultsis recognizablein the

Lugano area. A drowning due to environmental changes that led to the suppression of

carbonate production on parts the Upper Anisian platform is also possible.
During the latest Ladinian the basins were filled and in the Early Carnian a similar

facies again developed over the entire western Southern Alps. An abundant input of

clasticmaterial, probably derivedfrom the erosion of a Southern Mobile Belt (Brusca et

al., 1981; Garzanti, 1985; Gaetani et al. 1986), with local deposition of evaporites,
characterized the Carnian. This phase of high detrital input correspondsto a major
regressive phase which caused the emersionof the Esino Platform and can be observed

across the entire Southern Alps (Jadoul and Rossi, 1982; P. Brack, personal
communication,1990).

2.3 Description of IndividualFormations.

2.3.1 Servino (Upper Permian? - Late Anisian?)

The Servino Formation unconformably overlies the intenselyweathered Permian

Volcanics. It consists of alternating red andgreen sandstones, conglomerates,pelitesand
subordinate dolomites and is characterizedby strong lateralvariations in both lithology
and thickness.Sedimentarystructures are very scarce; only rarely cross stratifications
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and current ripples can be observed. A correlation between different profiles is not

possible because of fragmentaryexposure and strong lithologicalvariatlonsover Short

distances. The large lateral facies variations suggest deposition on wide fluvialplains.
The presence of a marine fauna of gastropods andbivalves of Scythian age (Frauenfelder,
1916) documents short-lived marine incursions. A detailed description of one profile at

Monte San Giorgio can be found in Frauenfelder (1916). The age of the upper and lower

limits of the Servino are unknown. Traditionally the transition from clastic to

carbonate Sedimentation was taken to represent the Skytian-Anisian boundary
(Frauenfelder, 1916). However, based on lithological correlations with outcrops along the

eastern shore of Lake Como, where terrigenousSedimentation can be shown to reach into

the Anisian, De Zanche and Farabegoli (1988) postulatethat the Servino sedimentsat

Monte San Giorgio span from the Upper Permian to the Upper Middle Anisian. This

Interpretation is plausiblebut cannot be proven as no Permian or Anisian fossilswere

found.

The thickness of the Servino varies considerably; it reaches 100-120m in the San

Giorgio area (Frauenfelder, 1916), a few tens of meters in Val Ganna (Senn 1924),

approximately 60 m northeast of Lugano (Lehner, 1952), and about 13 m at Monte

Caslano (Hofmann, 1956). The variations in thickness, however, are not only due to

primarydepositional differences but, along the Monte Grona Line (Bertotti, 1991) and at

Monte Caslano, also to tectonic reduction.

2.3.2 LowerSalvatore Dolomite

The Lower SalvatoreDolomite in the studied area can be divided in two members: (1) a

lower member called "Plattendolomite" or "Mendola Dolomit" by the older authors and

(2) an upper membercalled "DiploporaDolomite".

2.3.2.1 "Plattendolomite"

The transition from the clastic sediments of the Servino to the shallow-water

carbonatesof the Plattendolomite is gradual. The transitional facies, mostly a few

meters thick, is characterizedby dolomitic sands and sandy dolomites which lead to the

Plattendolomitess.s. The Plattendolomitesare well-bedded,fine-grained grey to reddish

dolomicriteswith subordinate doloarenites (Zorn, 1971). Bed thickness ranges from 2 to

10 cm and rarely reaches up to 30cm. The beds are mostly massive with planar surfaces,
but occasionallyalgal laminations or nodular levels are observed. Although pervasive
dolomitization and recrystallization have often destroyed the primary sedimentary
structures,different microfacies types, such as micrites, pelmicrites, pelsparitesand
doloarenites, can be recognized (Zorn 1971). Macrofossils are completely absent and

microfossilsare very rare. Zorn (1971) reported the presence of Diplopora annulata

SCHAFHÄUTL and Physioporellaminutula (GÜMBEL) as well as scarce undeterminable
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bivalves and/or ostracod shell fragments. The thickness of the Plattendolomite unit

varies between 55 m at Campioneand 33m at M. Caslano (Frauenfelder, 1916; Zorn,

1971). At Monte San Giorgio the thickness can not be determinedbecausethe transition

to the massive dolomitesis not exposed,but it mustbe less than about 40 m.

Based on their microfacies and the absence of stenohaline fossils, Zorn (1971)

suggested that the "Plattendolomites"were deposited in a shallow-water, hypersaline
environmentprotectedfrom strengwave action. The stable isotopic compositions of the

dolomites, however, are not consistentwith the presence of highlyevaporated waters (see

Chapter 4).

2.3.2.2 Diplopora Dolomite

The Plattendolomites are overlain by a sequence of light gray, massive to thickly
layered dolomites characterizedby the presence of large quantities of skeletons of the

dasycladacean alga Diplopora annulata SCHAFHÄUTLand Physioporella mtnutula

(GÜMBEL) (Zorn, 1971). Different microfacies types can be observed in areas where

dolomitization and recrystallization have not completely obliterated the primary
textures. The most common are biosparitesand more rarely biomicrites, whereby all

transitions between these two end-memberscan be found. Additional components are

coated grains, peloids, oncolites and grapestone lumps (Zorn, 1971). Layers with planar
algal laminations and birds-eyes occur at different levels; occasionally desiccation

crusts and cavities partially or completely filled with a reddish silt-sized dolomite

internal sedimentcan be observed. Moreover, previouslyunreported breccia layers and

bodies are present at different localities. For example, above Albio, a stratiform breccia

layer of about 50 cm thickness is observed. In the same profile and along the path that

leads from Alpe di Brusino to the top of Monte San Giorgio (Fig. 2.2), breccia bodies at

least 4-5 meters in thickness and up to 10 meters wide also occur. Unfortunatdy, because

of poor outcrop exposure and the presence of a superficialweathering crust that at first

give them the appearance of massive dolomites, it is impossible to determine their

geometryand their lateralextension. The brecciasare poorly sortedand have very little

matrix; clasts are angular and ränge in size from a few mm to 15 cm. Dolomites of
different microfacies types are represented in the clasts: pelsparites, featureless

fine-grained mosaic dolomites, microbreccias and algal laminites. Models for the

genesis of these breccias based on cathode luminescencecement stratigraphy, stable

isotope geochemistryof the different dolomite phases and fluid inclusion data are

discussed in Chapter 4. At the top of the formation, below the GBZ, the dolomites are

generally well bedded, and sporadicalry planar algal laminations occur.

The microfacies, the abundant Diplopora and the presence of algal laminations and

emersion surfaces indicate that the Diplopora Dolomites were deposited in a shallow

subtidal to intertidal environmentwith well-oxygenated waterswhere calcareous algae
could thrive. Because of the absence of stenohalineorganisms, Zorn (1971) suggested that
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the Diplopora Dolomites were deposited under hypersaline conditions, however, this is

not confirmed by stable isotope data (see Chapter4).

2.3.3 MiddleSalvatoreDolomiteand Grenzbitumenzone

The Middle Salvatoredolomite and the Grenzbitumenzonecan be considered roughly
time-equivalent (Zorn, 1971, see also discussion in Section 3.3.3) and represent a

shallow-water platform and a basinal Sediment, respectively. The Middle Salvatore

dolomite has only been recognized at Monte San Salvatoreand at Monte Caslano (Fig.
1.1; Zorn, 1971). The extensionof the GBZ is indicated in Fig. 2.2 by the heavyblack line.

2.3.3.1 Middle Salvatore Dolomite

The Middle Salvatore Dolomite has the same shallow-water facies as the Diplopora
Dolomite. It was distinguishedfrom the Diplopora Dolomite by Zorn (1971) because of

the occurrence of new facies types. He was able to distinguisheight microfacies types,
which include algal biolithite-, grapestone-, oncolite-, peloid-, mud- and Diplopora-
facies, and he developed a paleogeographic model (Fig. 2.3) for the carbonate platform
complexwhich bounds the northern and western edge ofthe GBZbasin.

Unfortunately,becauseoftectonic disturbance and Quaternarycover and becausethe

Salvatore Dolomite is extremely poor in age diagnostic fossils, it is not possible to

precisely constrain the temporal and spatial relationship between the Middle Salvatore

Dolomite and the GBZ. This would be important for a reconstruction of the

paleobathymetry and for an estimation of the Sedimentation rate of both the Salvatore

dolomite and GBZ, as discussedin more detail in Chapter3.

2.3.3.2 The Grenzbitumenzone

The Grenzbitumenzone (GBZ) was first formally defined by Frauenfelder (1916) as a

sequence of interlayered dolomites, dolomiticmarls and black shales with a thickness

of 5 m overlying the massive Anisian dolomites of the San Giorgio-Besano region.
Because it contains the Anisian-Ladinian boundary, he named it "Grenzbitumenzone",
which can be translatedin English as the "boundary bituminouszone". Variousother

names have been used in the literature for this formation includingScistiBituminös! di

Besano, Besano Formation, Serpiano Shales. The name Grenzbitumenzonewill be used

in this work, abbreviatedas GBZ.

Paleontological excavations at Mirigioli (also often called P. 902) in the 1950's and

1960's organized by the Paleontological Institute of the Universityof Zürich provided a

detailed and complete reference profile of the GBZ (Fig. 3.1). The layers were

systematicallyremoved one by one over an area of a few hundred Square meters and

numbered. The main purpose of these excavation was to get a detailed and complete
picture of the faunal distribution in the GBZ. The outcrop from these excavations is now
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almost completely covered, whereby only layers above apprcodmately bed 180 can still be

observed.Outcropsshowingthe complete section are no longervisible.
The base ofthe GBZis definedby the first organicmatter-richlayer (layer number 3 of

the Standard profile); the top is defined by the base of layer 187, which at Mirigioli
reaches a thickness of 1.2 m and marks the disappearance of organiccarbon-rich layers.
This definition proposedby Rieber (1973) will be used in this work. Layers 187 to 230 of

the Standard profile (Fig. 3.1) are, therefore, included in the San Giorgio Dolomite. The
GBZ at Mirigioli(layers 3 to 186) is 15.8m thick. Black shales accountfor 2.35 meters,
volcanic ashes (Müller et al., 1964) are less than 40 cm and dolomites or dolomitic marls

accountfor the remainder. The Anisian-Ladinian boundary has recently been redefined

by Brack and Rieber, 1986; 1991) and is placed betweenthe ReitziZone and the Curionii

Zone. Based on this definition, in the GBZ the Anisian Ladinian boundary is located

between bed 144 and 230 but cannot be defined more precisely because of the lack of

ammonites in the upper part of the profile (Brack and Rieber, 1986). Radiometrically
dated sanidinesfrom the bentonitic levels give an absolute age of 232 ± 5 Ma for the GBZ

(Hellmannand Lippolt, 1981).

2.3.3.2.1 Dlmensions of the GBZbasin

All known outcrops ofthe GBZ are shown in Fig. 2.2. At these localities the GBZshow

very similar facies, with low terrigenous- and very rare coarse-grained,platform-derived
input. The lateral extension of the outcrops indicate that the minimum east-westextent

of the basin was about 10 Km. No data are available on the continuation of the GBZ

towards the south, below the Tertiary and Quaternarycover of the Po Piain. The only
indication that the GBZbasin extended further towards the south is the presence of rocks
similar to the Meride Limestonesabout 40 kmNW of Milano, where this formation was

encounteredin the Gaggiano and Villafortunaoil wells at depths of 4.6 and 6.2 Km,

respectively (Pieri and Mattavelli, 1986). This hypothesis is also in line with the organic
geochemical characteristics of the oils of the Gaggiano Field, which bear a number of
similarities with rock extracts of the Meride Limestones (Pieri and Mattavelli, 1986;
Riva et al., 1986). The GBZ has not been recognized in these wells, which for the greater
part have not been cored, but the organicgeochemical characteristics of the rock extracts

of the GBZ are also very similar to the Gaggiano oils (see Chapter 5) and, therefore, I

suggest that the GBZ may be the source rock or at least a co-source of these oils. This

would indicate that at the time of GBZdeposition, the basin had already a long southern
extension. Alternatively, the basin in which the GBZ was depositedcould also have been

only one of a chain of small basins (a few kilometers in diameter) with similar

characteristics, separated by carbonate platforms.
The westernmost outcrops of the GBZwith its typical appearance are found in Val

Nembra on the slope of Monte Minisfreddo and at Rossaga (Fig 2.2). The present outcrop
conditions at this locality prevent a detailed Observationof the GBZ, however, Müller
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reported in 1965 thatits overallorganicmatter content is reducedand the dolomite beds

tend to be thicker and homogenized into thick bundles devoid of intercalatedblack

shales. This may indicate that this part of the GBZwas possibly deposited at shallower

depths close to the oxic-anoxic Interface of the water column, and therefore organic
matter was not always preserved. Further west, on Poncione di Ganna and Monte

Chiusarella, only thin organic matter-rich layers are found in otherwise massive

dolomites (Senn, 1924; Leuzinger, 1926). These observations indicate that the basin

becameprogressively shallowertowards the west, and that the sediments were deposited
above the limit of the anoxic bottom waters. As there is no evidence of synsedimentary
faults or fault scarp deposits and because the transition from the anoxic basinal

sediments to the shallow-water platform dolomites is gradual, it is likely that the

western margin ofthe basin had a low angle slope.
Towards the north, the GBZ-basin is limited by the San Salvatore Platform. The

small outcrop of GBZeast of Ciona (Fig. 2.2) is also completely devoid of coarse detritus,

although it presentlylies very close to the platform. This was considered to be evidence

for a shallow-waterdepth ofthe GBZ(Zorn, 1971). However, this may not be the case. The

GBZ outcrop is separated from the main body of the Salvatore platform by a

south-vergent Alpine thrust fault of unknowndisplacement (Bernoulli et al., 1976). An

important thrust along this fault is indicatedby the presence of a slice of Raibl Beds

between the northern and southernblocks. Therefore,the northernmostGBZ outcrop
could not have been as close to the platform as it is now, which would explainthe lackof

coarse detritus. Between the Lugano Line and Monte Grona only isolated slivers of

Salvatore Dolomite and Cunardo Formation exist, however, north of Menaggio the

SalvatoreDolomite reaches again a thicknessof 500m (Bertotti, 1991). This suggests that
the Salvatore carbonate platform extended far towards the northwest and that Monte

San Salvatore cannotbe considered an isolated reef, as suggested by Zorn (1971), but only
representsa marginal part of a much larger carbonate platform.

Towards the east the GBZ-basin is presentlylimited by the Lugano Line, which is an

UpperTriassic to Liassic normal fault that was reactivated during the Alpine orogeny
(Bernoulli, 1964; Bertotti, 1991). No eastern basin margin between Monte S. Giorgioand
the easternshore of Lake Como can be recognizedas no outcrops of Middle Triassic rocks

exist. Althoughan exact estimate ofthe east-westextensionof the basin cannotbe made,
it is possible to confidently constrain its maximum width if it is assumed that the GBZ

and the Meride Limestoneswere deposited in the same basin as the Perledo-Varenna

Limestone, as has been suggestedby Gianottl and Tannoia(1988). The base of the Perledo-

Varenna Limestoneis characterizedby the presence of platform-derived, coarse detritus

and abundant slump structuresand is interpreted as a sediment depositedon a low angle
slope approximately 1 km awayfrom the platform (Galbiati and Vanossi, 1986; Gianotti

and Tannoia, 1988). If the Late Triassic and Early Liassic extensionalmovementsalong
the Lugano normal fault are considered,the Middle Triassic sediments exposed along the
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eastern shore of Lake Como have to be moved westwardsby approximately 13 kilometers

(Bertotti, 1991). Considering these extensionalmovements, the E-W extension ofthe

basin where the Perledo-Varenna Limestone, the GBZ and the Meride Limestoneswere

depositedcan be estimatedto have been about 20 kilometers.

I suggest that the Perledo-Varenna Limestonemay represent the more proximal part
of the basin slope, whereas the GBZ may represent a more distal part of a slope or the

basin floor ofthe same basin. Some evidence of Middle Triassic faulting is present in the

Anisian-Ladinlan Esino platform (Assereto at al., 1977; M. Mutti, pers. comm., 1991).
The subsidence and the geometryof the basin could have been controlled by the presence

of synsedimentary faults at its eastern margin, which led to the formation of an

asymmetricbasin with strengersubsidence in the east and a moderate slope in the west

(Fig. 2.4).

2.3.4 Upper SalvatoreDolomite and San GiorgioDolomites

2.3.4.1 Upper Salvatore Dolomite

The Upper SalvatoreDolomite was distinguishedfrom the Middle SalvatoreDolomite

by Zorn (1971) on the basis of a horizon which he called, following Frauenfelder (1916),
"Gervillienhorizont". This horizon is characterized by an abundant fauna of small

bivalves of the family Bakevelliaand undeterminablegastropods. The thickness of this

horizon varies at different locations between 17 m and a few centimeters (Zorn, 1971).
The Upper Salvatore Dolomite can only be distinguished from the Middle Salvatore

Dolomite where the "Gervillienhorizont" is present, as both have exactly the same

shallow-waterintertidal to shallow subtidal facies. The "Gervillienhorizont"was

reported by Frauenfelder (1916) at Monte San Giorgio above the GBZ. Zorn (1971)
suggested that layer 187 of the Standard GBZ-profile is the time-equivalent of the

"Gervillienhorizont" because of the presence of a few, undeterminable bivalve and

gastropod fragments. Althoughthis time-equivalencecannotbe proven, it can be used to

constrainthe maximumwater-depth of the GBZ (see Chapter3).

2.3.4.2 San Giorgio Dolomite

The base of the San GiorgioDolomite is defined by layer 187 of the Standard GBZ-

profile at P. 902 (Fig 3.1). The transition from the GBZ to the San GiorgioDolomite is

characterizedby the disappearance of black shales, by a reduction of the abundance of

laminated dolomites,by a significant decrease of the amount of accumulated organic
matter and by the presence of abundant siliclficatlons. The dolomites are generallylight
grey to brown and are well bedded, although dolomitizationhas locally produced a

homogenizationof the layers to massive dolomite beds. Sedimentary structures have
been completely obliterated by the dolomitizationand/or recrystallization and, as a

result, the depositional environmentis difficult to reconstruct. Chert layers up to 1.5 cm
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thick, derivedfrom concentrations of radiolarians of the order Spumellaria (Wirz, 1945)
and monaxone and tetraxone sponge spicules, occur at the base of some beds. The

radiolarians are generally preserved as chalcedony-filled pseudomorphs in a

microcrystalline quartz matrix. The chert-bearingbeds are often slumped whereby the

chert layers are broken and form angular clasts. The dolomite itself shows no evidence of

deformation, indicating that dolomitization and lithlfication occurred after chert

Indurationand slumplng(cf. Bernoulli, 1972, p.814).
Macrofossils are rare; only bivalve Shell fragments, often siliclfied, were observed.

Daonella,rare ammonites,plant fragments and fish remainsare reportedby Wirz (1945).
In addition, echinodermfragments are reported by Frauenfelder (1916). Microfossils are

dominated by abundant radiolarians. Sponge spicules and foraminifera are less

commonly present. At the outcrop Dossi, on the eastern slope of Monte San Giorgio, a

calcareous zone about 12 m thick is intercalatedwith the San Giorgio Dolomites.

Mudstones, sometimes laminated but generally homogeneous, alternatingwith thin

shale layers are the dominant lithology. Occasionally wackestoneswith well-developed
graded bedding are interbedded with the mudstones. These lithologies are essentially
identical to the MerideLimestone. The presence of turbidlte beds and the abundance of

radiolarians suggest thatthe San Giorgio dolomitesare a subtidaldepositand may mark
the transition to a basin with more open-marine conditions and more intensive

circulationthan the GBZ-basin. The petrography of the dolomites and cherts are

discussed in more detail in Chapter3. Results of stable isotope analysis of the dolomites

are presentedin Chapter 4.

2.3.5 Lower MerideLimestone

The transition from the San Giorgio Dolomite to the Lower Meride Limestoneoccurs

over a vertical distance of a few tens of centimeters and is characterized by a rapid
decrease in dolomite content. The Lower Meride Limestoneconsistsof well bedded, dark

grey to grey limestones, partially dolomitized limestones and marls Intercalatedwith

thin shale partings. Less common lithologies include finely laminated limestones,

nodular early diagenetic cherts ("Scherzi" of Wirz, 1945) and volcanic ash tuffs. Bed

thickness ranges from 1 to 30 centimeters; bed surfaces are mostly planar and

continuous. Mudstones are the dominant lithology, but locally wackestones with fine

platform-derived debris are observed. Calciturbidites with well-developed graded
bedding occur sporadically. Organic carbon contents can reach up to 20% in thin black

shale layers but on the average are below 1%. Bioturbation structures are very rare.

Massive ash fall tuffs and fine volcanic ashes occur at different levels (Wirz, 1945). The

presence of graded beds point to a sediment-gravityflow origin for the Lower Meride

Limestone. Although mostbeds lack recognizablegraded bedding, they are probably of

turbiditic origin as well (see e.g. Cookand Mullins, 1983). The early Ladinian age of the
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Lower Meride Limestone is indicated by the presence of Protrachycerasarchelaus (Laube)
(Wirz, 1945)

The Lower Meride Limestones can be interpreted as a sequenceof lime mud turbidites

deposited on the basin slope under disaerobic to anoxic conditions. The absence of

reworking structuresindicates depositionbelowthe wave base.The limited occurrence of

slump structures points to a low slope angle. The paleobathymetryof the basin is

difficult to assess. The only indicationof water depth is given by the preservation of

vertebratefossils with intact rib cages in the Cava Superiore Beds and Cava Inferiore

Beds (Sander, 1989). After the animal carcass reaches the bottom of the basin, the

microbialdecay producesgases in the body cavities that can produce an explosionof the
rib cage if the hydrostaticpressure is lower than the internal pressure.In contrast to the

sauridsfound in the Meride Limestones,those preserved in the GBZ often have disrupted
ribcages suggestingthatthe depthof the basin during the depositionof the Lower Meride

Limestone was greater than during deposition of the GBZ. These formations may

therefore representa deepening-upwardsequence.

2.3.6 "Dolomitband"

The top of the Lower Meride Limestone is defined by the appearance of an

approximately 30m thick dolomite zone known as "Dolomitband" (Frauenfelder, 1918,

Wirz, 1945). It is composedof bituminous dolomiticmarls and layered, laminated and

massive dolomites. The organic matter-rich layers often contain abundant quartz silt

detritus. Massive dolomite layers contain intraclasts and evidence for reworking. The
dolomite is generallycoarse-grained.The central part of the "Dolomitband" is massive,

grey to reddish and is often cut by late diagenetic veins filled by coarse-grained saddle
dolomite cements and partly by a reddish dolomite silt. The veins with saddle dolomite

indicate a possible late diagenetic, high temperature dolomitization.

2.3.7 Upper MerideLimestone

The Upper Meride Limestone is a monotonoussequence of alternating well-bedded

bituminous limestones, marls and shales similar to the Lower Meride Limestone.

Thicknessof the layers ranges from a few mm to 40 centimeters.Breccias and volcanic

layers occur at different levels (Wirz, 1945). In the profile of Val Nembra, thin breccia

levels and coarser-grained lithologies are more common than at Monte San Giorgio
reflectingthe closer proximityof the platform compared to Monte San Giorgio. The total

thickness of the Upper Meride Limestonereaches about 400-500 m. In analogy to the

Lower Meride Limestone, the Upper Meride Limestoneis interpreted as a basinal deposit
of lime mudturbidites.
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2.3.8 "Kalkschieferzone"

The Kalkschieferzone is characterized by very finely laminatedcalcareous shales,
marls and bituminousshales and shows an upwardincreasingevaporitic character. The

fauna is much poorer than in the underlying Upper Meride Limestones, indicating a

closureof the basin and an isolationfrom the open sea (Wirz, 1945). Towards the top, the

clay input increases leading to a gradual transition to shales and ultimately to the

evaporites of the Raibl Formation. The transition to the Raibl formation is now covered

by a small artificial lake which was formed in an old quarry where gypsum of the Raibl

Formationwas extracted. The top of the "Kalkschieferzone"was dated as Late Ladinian

with palynomorphs (Scheuring 1978).

2.3.9 Raibl Beds

The Raibl Beds in western Lombardyare characterizedby rapid facies changesand are

generallypoor in fossils. The Raibl beds represent a period of high terrigenous input
derived from erosion of a Southern Mobile Belt (Brusca et al., 1981) with local

development of evaporitic conditions. In the Monte San Giorgio area the Raibl beds

consist mainly of marls, shales and evaporites (gypsum) (Frauenfelder, 1916). The age of

the base of the formation has long been a matter of debate. In the Lake Como region it is

considered to be Middle Carnian (Gaetani et al., 1986). In the San Giorgio region,
however, palynological data by Scheuring (1978) indicate thatthe base of the Raibl Beds

is probably Late Ladinian.
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CHAPTER 3

SEDIMENTOLOGYANDPETROGRAPHY

3.1 Introduction

The reference profile of the GBZpresented in Fig. 3.1 is a compilation of data from the

paleontological excavations at Mirigioli by Müller (1965), unpublished data of Rieber

and observationsmade during this investigation.The GBZcorresponds to beds 3 to 186 of

the reference profile, whereas beds 187 to 230 belong to the overlying San Giorgio
Dolomite. Although it does not belong to the GBZ, the basal part of the San Giorgio
Dolomite is included in Fig. 3.1,because the reference profile represents allbeds quarried
during the paleontologicalexcavations at Mirigioli and references to this part of the

profile are often found in the paleontological literature. The discussion in the following
paragraphsconcentrates on the GBZ, whereas layers 187 to 230 are brieflydiscussed in

Section 3.6. Because the GBZ is presently poorly exposed, samples from the

paleontological excavations at Mirigiolisamples collected by Müller (1965) and some of

his observationsare included in this study to complement my field observations.

3.1.1 The Grenzbitumenzone:General Description

The GBZ is characterizedby a well-developedcyclic Sedimentation (Figs. 3.1 &. 3.2).
The Sedimentation pattern, summarized in Fig. 3.3, clearly shows that the alternation of

differenttypes of sediments is produced by the superimpositlon of two orders of cyclicity.
The first order of cyclicityis characterizedby an alternation of dolomite beds and black

shales on a cm- to dm-scale. The second order of cyclicity is characterized by fine

lamination due to grain-size and compositional variations within the beds on a

millimetric- or sub-millimetricscale. This rhythmicpattern is sporadicallyInterrupted
by short-lived events which are represented by layers of pure dolomite ranging in

thicknessfrom a few millimeters to 10 centimetersand interpreted as mud turbidites. In

addition, Intercalations of volcanic ash layers occur. Bioturbation structuresand other

indicationsfor benthic life are completely absent, as evldenced by the well-preserved
lamination.

Bed thicknesses ränge from a few millimetersto several centimeters;bedding planes
are generally continuousand planar unless deformedby synsedimentaryslumps. Some

beds, which have a characteristic lamination pattern persisting across the entire basin,
enable the correlation of outcrops located kilometers apart. Figs. 3.4 a-c, displaying
three samples of layer 144u collected at outcrops separated by approximately 5
kilometers, show the extreme constancy of the fine structure of this bed to the smallest

detail. Although parts and individual beds of the GBZ can be correlated relativelywell
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over the entire basin (Fig. 3.5), a bed-by-bedcorrelation of the whole formation is not

always possible, even between outcrops located a few hundreds meters apart (see e.g.

Rieber, 1973). The facies differences between the outcrops,however, are only minor. For

example the outcrop Dossi is characterized by a slightly greater thickness which is

correlated with an overall reduction in organic matter content due to a higher carbonate
dilution. The outcrop at Ciona shows a very similar facies as Mirigioli with the only
difference being a slightly higher abundance of biogenic debrisand the presence of thick

slumped sediment packages (Zorn, 1971; for outcrop localities see Fig. 2.3). This is

probably a consequence of the closer vicinity of the Salvatorecarbonate platform and a

slightly steeperslope of the basin than at Monte San Giorgio.

Fig. 3.2

Outcrop photograph of the

GBZ at the mine Val Porina

showing the well-developed
rhythmic bedding characterized

by alternating black shale and

dolomite layers.
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At Mirigioli, dolomite beds represent approximately 80 % of the total formation

thickness and vary in color from white to dark brown or black, dependingon the organic
carbon content, which can reach up to 12 wt%. Dolomitization was pervasive and

complete, as no other carbonate phases have been found in the sediments. Black shales

(55 layers) represent a total thickness of 2.35 meters out of 15.8 m. The thickness of

individual layers ranges from a few mm to 15 cm; they are finely laminated and when
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weathered split into mm-thick laminae. Organic carbon contents ränge from

approximately 10 to 41.4 wt%. Thirty-six volcanic layers are recognized in the reference

profile (Fig. 3.1). They ränge in thickness from a few mm to 10 cm and consist of tuffs

without any detrital admixture altered to bentonites with relatively small amounts of

coarse crystals (Müller at al., 1964; Hellmann and Lippolt, 1981). Theyare generally gray

and are easilyrecognizedin outcrop as they weatherto a brown-ocre color.

First order cyclicity
Bedding

Second order cyclicity
Lamination

Non-periodic events

i i ii

ii
¦¦¦¦¦

LI..11..!¦... ..!..... 1.......I

1 volcanic ashes

micritic turbidites

graded turbidites

"niiiiiiiiiiiuiiiüiiiiiiiiiiiiii graded and micritic
turbidites

volcanic ashes

Cherts: radiolarian blooms ?

Fig. 3.3. Schematic representation of the cyclic sedimentary pattern of the GBZ. The two

superimposedrhythmic cycles, beddingand lamination,are irregularly interruptedby
short-lived depositional events, such as volcanic ash falls and mudturbidites.

3.2 DescriptionofLithologies

3.2.1 Rhythmicsediments

3.2.1.1 Laminated dolomites

Some characteristic examples of laminated dolomites are presented in Figs. 3.6 a-c.

Macroscopically,laminations appearto be mostly planar and continuous, but, when the

carbonate laminae are very thin, they can merge and the rock assumes a lenticular

texture. This texture is produced either by differential compaction or by displacive
dolomite growth in the Sediment after deposition. The laminae vary in thickness from

0.01 to 5 mm. The number of laminae per bed or per centimeter is strongly variable and

rangesfrom a few (Fig. 3.6a) to tens of laminae per cm (Fig. 3.6c). Laminations can be
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Fig. 3.4 Samples of layer 144u collected at outcrops Mirigioli(3.4 a), Dossi (3.4b) and
Besano (3.4c), encompassing a dlstance of over 5 km, demonstratean extensivelateral

continuityof the resedimented dolomites. This continuityis particularly evident by the

constant thickness of the central thicker dolomite layer and the thin white laminae

above and belowit.
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Fig. 3.5. Schematicprofiles of the central part of the GBZ from different proflies (modifledfrom
Müller, 1965) showing the constancyof bedding across the basin. The variations in

thickness of the dolomite layers may represent local variations in carbonate supplydue
to the different position of the localities relative to Üie platform.

produced by various mechanismswhich together contributeto the formation of a Single
bed. The microscopic characteristics of the different types of laminitesare presented in

Figs. 3.7a-f.

In most cases, the lamination is a result of rhythmic variations in the relative

proportions of dolomite, organic matter and clay minerals (Figs. 3.7a & b). Quartz is a

minor component,mostly occurring as scattered angular grains, and is more enriched in

organic matter-rich layers. The angular shape and the absence of chalcedony could

suggest a detrital origin of the quartz, but some of the crystals contain framboidal pyrite
inclusions which indicate an authigenic origin. Radiolarlan tests filled by fibrous

chalcedonyoccur sporadically. However,radiolariansmore commonly occur as molds
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Figs. 3.6a-c Examples of variations in type of laminated dolomites fromthe outcrop Mirigioli.
a) layer 140 showing abundant dolomite resediment laminae(white) in thickly laminatedorganic
carbon-rich dolomite. b) Layer 134, note the fine lamination interrupted by a thick dolomite

resediment (white), c) Layer 23, showing millimeter to sub-millimeter lamination and lacking
resediments.
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filled by sparry dolomite. When the organic matter content is high, dolomite forrns

lenses and crystal aggregates elongated parallel to lamination. Primary depositional
textures inside the laminae are not always visible because of recrystallization and

diagenetic dolomite formation, however, a distinct graded bedding is occasionally
observed in the dolomite-richlaminae (Fig. 3.7d). Dolomite grain-size decreases from

80-50pm at the base to micritic at the top, where higher concentrationsof organicmatter
are present. These laminae often show a slightly undulatory base, which is interpreted as

evidence for erosion. Rare laminae, both of the graded and homogeneoustypes, contain

shadows of fecal pellets and/or indeterminable fragments of biogenic debris. Some

laminae are enriched in silt-sized angular quartz crystals at the base. These structures

suggest that these laminae may represent diluted distal turbidites. The associationof

organic matter with detrital siliciclastic components and the presence of the

resedimentation textures in the dolomite-richlaminae suggest that the organic matter

content ofthe sediments was controlled by the dilution of a more or less constant organic
matter and siliciclastic input throughsporadic carbonate Sedimentation.

A second type of lamination in layers with low organic mattercontent is produced
mainlyby changes in dolomite grain-size (Fig. 3.7c) with no variations in mineralogical
composition. In these laminites, thick microsparitic dolomite layers alternate with

dolomicrites. Fig. 3.7e shows another type of lamination which is characterized by
intercalated pure dolomite layers and thin (0.1-0.01 mm) organic matter laminae. A

close up view of this type of lamination (Fig. 3.7f) shows that the organicmatter laminae

contain abundant pyrite framboidswith almost no associated clay minerals. Organic
matter generally forrns thin continuous films between the dolomite layers, but when the

Overall organic matter content of the layer is low, the organic matter forrns only
discontinuous flakes oriented parallel to bedding.

3.2.1.2 Black shales

Black shales in the GBZ are fissile and characterized by carbonate contents lower

than a few wt% and organic carbon contents mostly exceeding 10%. They are finely
laminated (Fig. 3.8) and in polarizing microscope show a bed parallel extinction due to

the preferential orientation of clay minerals. The fine lamination becomes more

apparent when the black shales are weathered, as they split into mm to sub-millimetre

thick layers. Lamination in the black shales is formed by changes in abundanceof

organic matter, clay minerals and quartz. Petrographic observations indicate that

quartz is primarilyof biogenicorigin. Radiolarianscan be very abundant and form chert

layers within the black shales (Fig. 3.8a) and are preserved as molds filled by fibrous

chalcedony. Detrital quartz grains are more rarely observed in thin section as it is

generally very fine-grained and is covered by the organicmatter.
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ŵ^t-Äfe'iÄ^-.**?»;



35

Pili

W JWi

••*¦«<*p-g

^MFKtfK
*stf<P

«HL:!?^15l^-i p#%

ifi* Je-f»jp *». $«#

& ^**y

^«IfeP*^ AI
»"»•*•

!1"t *¦

^;Ä«:;^ ^h

** ¦••»-' ''.*Ji*C_ ^*- *»*•«<*•-***¦ Un-.**1* ' -i^}x*f^. -"t.
~*J>*

£££¦¦ ^ '"*'«£¦¦-*%*

# "ntf

*
Wr?*^|"S

#.;-''* ™fVTti»-S

^Ät*i\

ba

Flg. 3.8 Examples of laminaüonsin the black shales. a) Layer 60, showing quartz and organic

matter rieh laminae and radiolarian molds filled by chalcedony. b) laminae composed of almost

pure quartz alternating with organicmatter rieh laminae. Field of view is 1.1 cm Wide

Dolomite oecurs only in low proportions, as dispersed rhombs which generally have

dissolvedor inclusion-rich centers and clear rims. More rarely dolomite layers occur as

thin, primarily micritic layers, which can be easüy recognized in the field as white

bands. These layers in analogy with those found in the dolomites are interpretedas

resediments (see Section3.2.2.1).

The low carbonate content of the black shales probably reflects a combinationof low

carbonate input and carbonate dissolution during early diagenesis. Invertebrate

calcareous fossil remains are completely absent in the black shales, whereby only rare

imprints of molluskshave been observed (Kuhn-Schnyder1974). In contrast, vertebrate

fossils are abundant,which suggests that the lackof calcareous Shells does not reflect an

absence of life in the water column,but ratheris a result of dissolution due to calcite and

aragonite undersaturation during early diagenesis. The mineral matrix of the black

shales is formed by well-crystallized ülite (2m-type dioctahedral), chlorite (illite:
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chlorite = 8:1, quartz (2,5-5%), trace amountsof feldsparand pyrite (Müller, 1965). The

pyrite is mainlyframboidal but rare larger euhedral crystals are also observed.

Carbonatefluorapatite is present as a minor phase in all lithologictypes of the GBZ

but is especlally enriched in the black shales layers, P2O5 contents are lower than 0.1%

in dolomites but reach up to 0.5% in the black shales. Various types of phospate
occurrences can be distinguished: conodonts, fish and reptile bones and teeth,

phospatized soft tissues of vertebratesand coprolithes and/or early diagenetic nodules.

Phospateconcretionsand coprolites form elongated bodies of 1 to 3 cm in diameter and

up to 10 cm long, are mostly composed of pure carbonate fluorapatite and are only rardy
replaced by dolomite or quartz. Apatite nodulesformed in situ during early diagenesis
prior to significant compaction: this is evldenced by differential compaction of laminae

of the enclosing sediment around the nodules and indicates a minimum vertical

shortening of the black shales by a factor of 10. This is also confirmed by the

compressionof vertebratebones In black shales to approximately 1/10 of the original
thickness (Kuhn-Schnyder, 1974)

3.2.2 Non-periodic events

3.2.2.1 White dolomite layers

The rhythmicmillimetric lamination is often interruptedby layers of pure dolomite

with thicknesses ranging from 1 mm to several centimeters (Fig. 3.9, see also Fig. 3.3).
These layers and laminae are white in hand specimen and are often very flne-grained
and mainly free of organic matter. They are characterized by a high concentration of

pellets, occasional biogenic debris (bivalves and/or ? ostracod fragments, fecal pellets
and morerarely gastropods) (Fig. 3.9a) and are commonlygraded (Fig. 3.9b).Their base is

sometimes wavy, which may indicate erosion but could also be a result of differential

compaction. Locally the layers show a high lateralcontinuityover many kilometers, e.g.

layer 144u (Figs. 3.3 a-c). Thicker beds are generally composed of more than one

resedimentation event; for example, the thick layer at the center of layer 144u is formed

by 4 resedimentation events. Other evidence for the allochthonousorigin of the

sedimented carbonate and of resedimentation is the presence of mollusc molds

containing randomly oriented geopetal infillings (Fig. 3.9c). This is indicative of

reworking of sediment which had already undergone some cementation. It should be

noted that not all of the white dolomite layers show graded bedding or evidence for

resedimentation. However, since homogeneous laminae are very fine-grained and

macroscopically very similar to those which show positive evidence of resedimentation,

all the white dolomite laminae and layers are interpreted as turbidites.
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3.2.2.2 Bentonltes.

The bentonites are composedof a groundmassof lllite-montmorillonlte with a small

amount of phenocrysts, generallysmaller than 1 mm, of K-feldspar (sanldine; Or69-68

Ab32-3i)with diagenetic overgrowths of an adularia-like K-feldspar (Orgß-gs Ab4-2).

quartz, biotiteand accessory euhedral zirconand apatite (Hellmannand Lippolt, 1981).

The complete absenceofplagioclase may be primary orbe due to diagenetic conversion to

montmorillonite (Müller et al. 1964; Hellmann and Lippolt, 1981). The volcanic layers
often show a clear gradedbeddingproduced by the enrichmentof crystals at the base of

the layers. This can be attributed to differentialsettling velocities of the crystals and

glass shards in the atmosphereand in the water column.

The volcanic ashes in the GBZ are similar to bentonite levels found in the Meride

Limestones (Wirz, 1945) and in the Salvatore Dolomite at Monte Caslano (Hofmann,
1956), but, because of the lack of plagioclase, are differentfrom all other time-equivalent
volcanlclastic rocks of the Eastern SouthernAlps (Mülleret al., 1964; Callegari and De

Pieri, 1967; Jadoul and Rossi, 1982). The difference in plagioclase content and the

similarity with volcanic layers in the Middle Triassic of the Brianconnais(Caby and

Galli, 1964) has been interpretedas an Indicationfor the presence of other volcanic

eruption Centers, distinct from those of the Pietra Verde-type In the EasternSouthern

Alps (Müller et al, 1964). Only a detailed geochemical study of the ashes would allow a

distinction in origin to be determined.

3.2.2.3 Cherts

Although cherts are not very abundant in the GBZ, a few layers up to 1.5 centimetersin

thickness are found in some black shales (e.g layers 60, 62). These layers are formed by
high concentrations of radiolariantests and are interpretedas products of sporadic

population blooms. Silicifications in the dolomites are rare, although radiolarians

occur throughout the section in low abundance in almost all ofthe beds. In the dolomites,

the radiolarians are often replaced by dolomite, but their outlines are still clearly
recognizable. The cherts are composed of microquartz and/or chalcedony, with the latter

commonly Alling the radiolarian molds. Both the length-slow and length-fast variety of

chalcedony(Folk and Pittman, 1971) coexist in the same sample. However, length-slow
chalcedonyis more abundant in organic matter-rich layers, whereas, when dolomite is

the predominant host lithology, the length-fastvariety prevails. This may reflect

differences in Eh-pH conditions or in silica concentration between the different layers
(Folk and Pittman, 1971). Inside radiolarian tests relict spheroidal textures, which may

representpseudomorphs after opal-CT lepispheres, are observed.Megaquartzgrains are

comparatively rare and occur as clear crystals of up to a few mm in lengthwhich cement

pore space in ammonite molds.
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3.2.2.4 Massivedolomites

Massive dolomites are relativelyrare in the GBZ. They are characterizedby a mosalc

dolomite which often shows a patchy texture with domains of coarse sparry dolomite

and domains with fine-grained dolomite. Massive dolomites are generally organic
matter-poor and are often characterizedby a high porositydue to the presence of fossil

molds. Occasionally a poorly developed lamination marked by organic matterlayers is

present in parts of the beds. The complete absence of sedimentarystructures due to

recrystallization does not allow a characterizationof the origin of these layers. The lack

of lamination could be interpreted as the result of bioturbation during periods of

oxygenation of the bottom waters. However, this is considered unlikely because no

unequivocal structuresindicative of bioturbationwere found. In analogy to the micritic

layers, the massive dolomites can be interpreted as mud turbidites or alternatively as a

product of reworking ofthe bottom sediment throughstrengbottom currents.

3.2.2.5 Coarse resediments

Coarse resediments are very rare in the GBZ; only a few thin layers with intraclasts

have been observed (Fig. 3.10). The reworked fragments are mostly derived from the

underlying sediment layer. For example, Fig. 3.11 shows a thinbreccialayer composed of

angular dolomite clasts with a similar texture as the underlying layer in a fine dolomite

and organic-matter matrix. The base of the layer is wavy. These layers indicate

reworking through bottom currents of previouslyindurated dolomiticlayers and Short

transport distances.

3.2.3 Fossil content and preservation

As the paleontologyof the GBZhas been extensively studied (for extensive reviews see

Rieber, 1973; Kuhn-Schnyder, 1974), only the major results necessary for a

paleoenvironmental reconstructionare summarized here. The vertebrate fauna found in

the GBZ is very diverse and is dominatedby marine fish and reptileswhich were adapted
to a reefal habitat with only a limited amount of truly pelagic fish (Schwarz, 1970;

Bürginet al., 1989; Bürgin, pers. comm., 1991). The reptileswere all marine, and most of

them were adaptedto a life close to the coast, with the exception of Ticinosuchus/erox
KREBS which was a land animal(Krebs, 1965; Kuhn-Schnyder,1974) . Vertebratefossils

are more abundant in the black shale layers than in the dolomite beds. For example, in

an area of approximately 240 Square metersabout 220 complete skeletonsofvertebrates

(saurids and fish) were found in layer 113 (Kuhn-Schnyder, 1974). Close Observation of

the black shale layers, however, reveals that these skeletonswere deposited on different

laminae and thus were not embedded at the same time (Sander, 1989). Moreover, the
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Fig. 3.10.

Coarse resediments of layer 102 from

outcrop Mirigioli. The darker Spots on the

lower part of the specimenare intraclasts

P5

tsmns-f

F3fi

¦.'^- * : 'V^vwBI
¦••-_¦ - •i'r* ^—HB

^v^*.*> ^ *^> -»-• .»
¦¦'¦

^*»;-.ft" f ... >• „

,*M> .

:'*"-

St^t^juJ **W*0
,

«PI

?¦ IH*

r.

«SI

m

«y
n

!"r.-;

n»
«» 14* ^*fc

,*.*.§ s^^

# f#

^VJn1«sm*

H

„i,* *v# >•$**»

-'• V» r.

!»#

3

idnl* ,i^: * Ä^y* Imt^ #"%!*#

Fig 3.11 Thin section micrograph
showing a thin microbreccia layer
with reworked dolomite clasts. Field

ofview is 1.1 cm wide.

presence of individuals of different age suggest a normal attritional mortality for

varying reasons and not a catastrophicevent. The great concentrationsof well-preserved
vertebrates in the black shales is, therefore, considered to be the result of a combination

of slow Sedimentation rates, a high preservationpotential in the anoxic bottom waters

and additional concentration by compaction(Rieber, 1973; Sander, 1989). On the other

hand, the lower content of vertebrate fossils in the dolomite beds suggests that the time

representedby one dolomite bed is much shorterthan the time encompassed in a black

shale layer of comparablethickness.
Invertebrate macrofossils are found only in dolomitic layers and are completely

missing in the black shales. Daonellas and ammonoids are the most common

invertebrate species found in the GBZ. Daonellas,which are very thin shelled, are mostly
preserved as "steinkerne" or imprints. They can be completely absent or appear in high
concentrations as lumachellas in a few layers (e.g layers 38, 58). No size sorting is
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observed,and most of the Shells are embeddedin a convex-upwardpositlon (Rieber 1968).

Their good preservation indicates no or little transport by currents. Daonella and

posidonia are the only bivalve speciesfound in the GBZ. The exclusive presence of these

species, togetherwith the complete absence of benthos, Is a proofof a pseudo-planktonlc
mode of life of daonellas and posidonia (probably attached to driftwood or seaweed)

(Rieber, 1968). The presence of layers with concentrations of thousands of specimensis

difficult to explain if a pseudo-planktonlc life is assumed, because these layers should

also be very rieh in organic matter or at least contain recognizableremains of driftwood.

An alternative explanation would be that daonellas were adapted to live on top of the

sediments even at low concentrationsof oxygen. The mass aecumulationsIn layers could

represent population blooms during short-lived periods of partial oxygenatlon of the

bottom waters.

The daonellas are commonly flattened and the elements of the sculpture are slightly
thrustone overthe other. This indicates that they were first compacted and crushedand,
only later, were dissolved during the lithification process. On the other hand,
ammonites coexisting with the daonellas are often uncrushed, Indicating that the

lithostatic pressure was not strong enough to crush their thicker Shells before

compaction was interrupted by the lithification process (Rieber, 1973). Therefore, the

pressure of compaction before lithificationmust have been relatively low and only
sufficient to crush the very thin Shells of the daonellas but not the thickerammonoids.

These observations indicate that dolomitization was an early process and that

compactionIn the dolomitic layers was limited by the relativelyrapid lithification.

Cephalopods are preserved as uncompactedmolds in the more massive dolomitic

layers and become progressively more flattened with increasing organic-matter and/or
clay-contentof the rock (Fig. 3.12; from Rieber, 1973). Only the living Chambers are

occasionallyfilled with sediment, whereas the rest of the Shells are partially or, more

rarely, completely filled with sparry dolomite and/or quartz cement. When no late

cementationoecurred the molds perfectly reflect the externalmorphology of the shell.

The shell itself is completely missing and cements grew on the matrix dolomite and

generallyincrease in size towards the center of the mold. Whenthe living Chamber is

filled with sedimentthe shell is markedby a dolospar slightly coarser-grainedthan the

enclosing sediment. Petrographic, fluid inclusion and isotopic evidence indicate that

pore-filling cements belong to a late, relatively high temperature, phase of

dolomitization (dolomite IV, see section 3.5). The mode of preservation of the

cephalopods indicatesthat dolomitizationand lithification of the enclosing sediment
took place before dissolution of the aragonitic Shell. Because the cephalopodShells are

aragonitic, it is surprising that they survived dolomitization and recrystallization
longer than the enclosing carbonate. This behavior is probably a consequence of the

presence of the organic coatingon the shell, the periostracum,which under the reducing
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conditions in the GBZ was very stable and protected the shell from dissolution.

Additionally, the original sediment, which probably consisted of aragonite or high
magnesium calcite, was very fine-grained, had a large reactive surface and provided a

large number of nucleation centers for dolomite. Although most of the ammonites are

preserved in a horizontal position, occasionally vertically embedded specimens are

found. Rieber (1973) interpreted this as evidence for fast deposition of the dolomitic

layers.
Microfossils are rare and generally poorly preserved. As previously mentioned,

radiolariansare the only clearly recognizable microfossilsand occur in most of the
dolomite layers throughoutthe section, although they are commonly present as molds

filled by a few crystals of sparitic dolomite cement. They are present in higher
concentrations in the black shales where they often form chert layers and occur in

greater abundance in layers 180-230, at the base ofthe San Giorgio Dolomites.

Macroscopicland plant remains are rare. Only voltzia, a conifera, is sporadically
found and rare bisaccatepollen grains can be seen in thin sectionand in palynological
slides. This, togetherwith the presence of Tictnosuchus, suggests that land must have

been in the vicinity.
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Fig 3.12. Preservation style of ammonoids in the GBZ. The compaction of the Shells

increasewith increasingorganicmatter content (from Rieber, 1973).
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3.3 Discussion:Depositional Environment

3.3.1 Origin of dolomitelaminations

Laminated sediments are formed in a variety of marine, estuarine and lacustrine

settings and can have widely different origins. Preservation of laminated sediments

requires that no or only weak disturbance of the sediment by bioturbation,wave or

current activityand gas production in the sedimentthrough organic matter decay takes
place. The presence of anoxic bottom waters with oxygen concentrations lower than 0.1

ml/1 is, therefore, necessary to eliminateburrowing and bottom feeding fauna (Hallam,

1987). A low angle slope and flat-bottomedbasin also reduces creep and/or reworking of

the freshly deposited sediments and enhances the preservation potential of the

laminations. In addition, sufficient depth is necessary to limit deep water circulation

due to stormsand wave action, whereby a permanent or at least periodic water column
stratificationcontributes to the reduction of wave-inducedturbulence and currents In

the lower part of the watercolumn.

The presence of undisturbed lamination and the lack of autochthonous benthic

organismsand bioturbationstructuresindicate thatthe GBZbasin was characterizedby
a very stable water column stratification. The bottom waters in the GBZ basin were,

therefore, either permanentlyanoxic, or at least the duration of periods of bottom-water

oxygenation were too Short to enable colonizationby benthic organisms. Sedimentary
structures indicating current activity are absent; however, based on limited data on

reptile skeletons orientation, Sander (1989) suggested a possible presence of weak

oscillating bottom currents during the deposition of the black shales. In any case, the

excellent preservationof laminations indicates that the sediments were deposited below
stormwave base.

The abundant marine fauna indicate that the basin had surface waters of normal

marine salinity which supported an abundant and varied population. Some of the

species found in the GBZ are described only from this localityand could be endemic,
however, many ammonite forrns are recognized across the SouthernAlps and elsewhere

in the Middle Triassic Paleotethys (Brack and Rieber, 1986; Brack and Rieber, In prep)
and are similar to forrns recognized in Canada. This, together with the presence of

pelagic fish speciesand ichthyosaurs,indicate that the GBZmay have been depositedin
an isolated basin which was at least periodically connected with the open ocean.

Mechanismswhich produce laminated sediments as well as the duration of the event

forming a Single lamina can vary considerably (e.g. Wetzel, 1982). The mechanism

leading to the formation of lamination is always difficult to determine, especially in

older sediments where compaction and extensive diagenesis may have altered the

primary textural characteristics of the sediments. In the GBZ, the laminations are

composite In character (Fig. 3.3) and cannothave been producedby a Single process. The
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principal type of lamination is characterized by changes in the relative proportion of

dolomite, organic matter and clay minerals. Not all of the laminae show evidence for

resedimentation, however, it is likely that most dolomite-rich laminae have a detrital

origin. Periodic blooms of carbonate-producing planktonlc microorganismscould be an

alternative hypothesis for the origin of the laminations.However, carbonate-producing
planktonlc organismsfrom Triassic time have been recognized only in Australiaon the

WombatPlateau (ODP Leg 122) from Carnian-Rhaetlan sediments and therefore, they are

probably not important and widespreadin the Triassic oceans. This suggests that most

likely the carbonate present in the GBZ was not produced In the water columnoverlying
the basin, but ratheron the carbonate platform, and was subsequently carried into the

basin. I, therefore, propose that the laminations are primarilydepositsof carbonate mud
which was eroded off the platform and brought into Suspensionby wave activity during
storms and transported into the basin by diluted turbidity currents. This process is

considered particularly viable for the origin of the rhythmic laminations in the

dolomites and the sporadically occurringwhite dolomite layers (see Section 3.2.2.2).
The extreme constancy of the laminationpattern in some ofthe layers (e.g. layer 144u;

see Fig. 3.4) is rather surprising if a turbiditictransportmechanismis envisaged,because
distribution of the sediment over a large area is required. This apparent inconsistency
can be explainedby the "detached turbidlayer model" of Stanley (1983). The presence of a

streng densitystratificationcan hinder the descent of downwardcurrents which are less

dense than the waters belowthe pycnocline. This process,depicted in Fig. 3.13, can lead

to the transport and distribution of the fine sediment fraction of a turbidite over the

pycnoclineand far out into the basin. When the currentcomes to a rest, the particles sink
to the bottom and produce fine laminations, whereby graded bedding can form as a

consequence of differentialsettling of particles of different grain-size. This process is

considered viable for the formation of the rhythmic laminations in the dolomites rieh

in organic matter.Thus, it can be concludedthat the organic matter content of the GBZ

was controlled by dilution of a more or less constant organicmatter-siliciclasticdetrital
input with periodic carbonate Sedimentation.

3.3.2 Originof pure organic matterlaminae.

The origin of the laminae which consist of pure organic matter alternatingwith
dolomite requires a different mechanism of formation. Schieber (1986, 1989) proposed
processes involving benthic bacterial mats to explaln such laminations in the mid-

Proterozolc Newland Formation, Montana. However, structures similar to those

observed by the above authorwere not found in this study.As an alternative, a process

analogous to that observed in the Black Sea by Dickmann and Artuz (1979) is considered

here. These authors proposed that periodic oxygenation of the water below the
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chemocline leads to mass mortality of the strictly anaerobic photosynthetic (sulfate-

reducing) bacteriawhich live in the anoxic watercolumn, resulting in the depositionof
laminae of pure organic matter.It was noted that in the water columnduring descent of

the bacteria, the sulfur contained in the bodies of the bacterials released and reacts to

form iron monosulfides. The streng relatlonship and intergrowth between pyrite (Figs.
3.6e,f) and organic matter strongly Supports a similar process for the formation of the

sub-millimeterscale, organic matter-richlaminations in the GBZ sediments.

Although the laminae in the beds were not systematicallycounted, the variabilityin
the numberof laminae per bed (see Fig. 3.6) suggeststhat each bed reflects varylng lengths
of time. In addition, the duration of the event forming one lamina is difficult to evaluate.

Climatic modeis for the Triassic (Parrish et al., 1986) suggest a seasonal climate with

streng monsoons at these latitudes. The laminae could therefore be annual or, if the

monsoonal activityhad a cyclicity of more than one year, could represent a few years.
The timing of the cyclic Sedimentation and the significance of bedding cyclicity is

discussed in moredetail in Chapter6.

3.3.3 Bathymetry

The bathymetry of the GBZ basin remains a difficult problem to solve. Relatively
shallow waters are indicated by the close proximlty of the Grenzbitumenzone to the

carbonate platform at Ciona and Rossaga, togetherwith the lack ofcoarse detritus at the

margin of the basin. This is also supported by the palaeoecological Interpretation of the

life style of the abundant fauna found in the GBZ (Kuhn-Schnyder,1974; Bürgin, pers.

comm.; Rieber, pers. comm. 1990) and by the common occurrence of ichthyosaurs with

disrupted abdominal cavities (Sander 1989; see also Section 2.3.5). The lack of evidence

for strong currents, the rare occurrence of coarse resediments and the undisturbed

lamination,however, imply depositionbelow wave-base.
Considering the GBZ as a closed basin, a quantitative estimate of the minimumdepth

of the basin can be made, assuming that the sedimentswere depositedbelow the storm

wave base, with wind as the sole source of water turbulence and ignoring the effect oftides

and tidal currents. The location of the wave base in modern lakes and completely closed
basins is controlled solely by wind-inducedwave action withln the lake body (Beadle,

1981; Duncan and Hamilton, 1988). Treatingthe GBZ basin as a first approximation as a

lake, the depth of the wave base for wind-inducedwater circulation can be estimated by
applying the empirically derived formula of Smith and Sinclair (1972) as modified by
Duncan and Hamilton (1988). This formula relates wave base (WB), wind speed (w) and

fetch (Lf) for non-hypersaline lakes:

WB= 0.00616 Lfa56 w088

The relatlonship betweenthese parameters is illustratedin Fig. 3.14.
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WIND,VELOCITY= w

«#j

FETCH (Lf)

o
o
a WAVEBASE(WB)

Undisturbedlaminatedsediments

Fig. 3.14. Schematic model illustrating the physical parametersfetch (Lf), wave base
(WB) and wind velocity (W), used in the determlnation ofthe depth ofthe wave base in the
GBZ (modified from Duncan and Hamilton, 1988).

Paleoclimatic modelingby Parrish et al. (1986) suggests that the climatein the Middle

Triassic was characterized by strong monsoonalactivity and a predominant wind

direction of approximately east-westat the latitude estimated for the GBZ region. Based

on the observed lateral extent of undisturbed mlcrolamlnated layers, the minirnum east-

west extensionof the GBZis approximately 10 km. This width servesas a bracket for the

fetch and results in a minimal estimatedwave base of 21 m for a stormwind speeds of 30

m/s (108 km/h) or 40 m for a wind speed of 60 m/s (216 km/h). With a maximumwidth of

the basin of about20 km, assuming a Single depositional basin for the GBZand Perledo-

Varenna limestone (see Chapter2), maximumvalues for the wave base are 31 and 57 m,

respectively. Although other influencing, but indeterminable factors, such as turbulent

inflows or tidally-induced waves which could increase the depth of the wave base have

been ignored, these estimates are considered maximumvalues. This is because the

density stratification in the GBZ basin would have had an attenuating effect on the

energy propagation throughthe watercolumn, lifting the wavebase to shallower depths
even if the salinity difference between bottom and surfacewaters was only a few %o (e.g.
Kullenberg, 1983).
A more precise constrainton the maximum depth of the basin could only be obtained

if the geometryofthe basin and Sedimentation rates of the Salvatoreplatform were more
accurately known. The only useful data to constrain the maximum depth are those of

Zorn (1971). On the basis of mollusc remains belonging to the Daonella sturi-lommeli

group and Paraceratites Luganensis (Merlan), Zorn suggested that 160 m of Middle

Salvatore Dolomite are the time-equivalent of the GBZ. If a factor of 10 for the
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compactionof the GBZblack shales is assumedand compactionin the dolomite layers is

neglectedand assuming thatboth sedimentary environmentswere on a Single subsiding
tectonic block, themaximum depth of the GBZwould be approximately 130 m. This large
difference in depthis difficult to explainbecausethe GBZsediments lackcoarse detritus

and slope sedimentswhich would indicate a steep basin margin. However, a maximum

depth of over 100m is possible if one considers thatthe GBZbasin gradedinto a muddy
back-reef lagoon (Fig. 2.2, modified from Zorn, 1971) without reef-buildlng corals which

could sustaina steep slope.
To explain the strong differences in thickness without creatinga steep slope between

basin and platform, Zorn postulated that the Salvatoreplatform and the GBZbasin were

located on two different tectonic blocks with different subsidence - a high subsidence in

the S. Salvatoreblock and a slow subsidence in the GBZ basin. This would explain the
large difference in sedimentsthickness without creating a high relief and, therefore, a

steep slope at the margin of the basin. Zorn's model, however, requires flrst the

formation of a basin, and thus a higher subsidence in the San Giorgio area, and then an

inversion of this trend, with the basin staying more or less stable and the platform
subsiding rapidly. This inversionof trend appears mechanically difficult to explain in

an extensional regime because it requires an inversion of the movement on a normal

fault plane. In conclusion, the depth of the GBZ can be confidentlyestimated to be

between40 and 100 m.

3.4 SynsedimentaryDeformationStructures

3.4.1 General characteristics

Severallayers of the GBZ were affected by slumpingvery early after deposition. Many
of the examples discussed in this chapter are from samples collected during the

paleontologicalexcavation at Mirigioli (Müller, 1965), and, because this outcrop is

presentlycovered up to layer 185, none of the deformationalfeatures are still observable

in the field. However, corresponding deformations can be observed in other outcrops,
although not in all of the layers described here and not with the same variety of

structures. The slump structuresare mostly on a dm-scale and rarely exceed a meter in

thickness. The layers overlylng and underlying the deformations are generally
completely unaffected by the slump movements, except for the compensation of

thickness variations of the deformed layers. Deformationstructures observed in some

layers, although only a few centimeters in extent at each outcrop, are present in the same

layer at different localitles which can be a kilometerapart (e.g. layer 144u). Orientations

of the slumps were not systematically measured during the excavations, but the

dominant direction of the movementsis generallyapproximately N-S, suggesting that at

Mirigioli the basin floor had a slight north-south inclination (Müller, 1965). The most
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striking characteristic of the slumps is the contrastingrheological behavlor between the

pure dolomite beds and the dolomites rieh in organic matter. The pure dolomite beds

mainly show brittle fracturing, whereas the organic matter-rich layers are plastically
deformed.

3.4.2 Semi-ductile deformationfeatures

A relatively large slump deformed layers 175 to 186 at Mirigioli, affecting
approximately a Im package of sedimentwith a lateral extension of approximately 6 m

(Müller, 1965). The hump formed by these layers is flattened by variations in thickness

of layer 187 so that the overlayinglayers are agaln planar. Layers 176 to 178 show a

pinch and swell morphology. Müller (1965) suggested that the overlying beds were

deformed at the surface and the deposition of layer 179 directly onto 175 or 176 is a

primary sedimentarycontact. Towards the source area the layers show partly a pinch
and swell morphology and partly pull-apart cracks. In the direction of the movements

they are overthrustedand folded.

Whereundisturbed, layer 175b has a thicknessof 3.4 to 4 cm and is characterizedby a

well-defined lamination marked by the presence of abundant white layers of pure

dolomite. The white layers contain abundant ghosts of pellets and indeterminable

biogenic fragments and are interpreted as turbidites (see section3.2.2.1). Three folded

samples of layer 175b from the Mirigioli outcrop are shown in Fig. 3.15. The decollement

surfaces of the folds are located in an organic matter-rich lamina. The folding and

fragmentation of the white layers indicate that the dolomite layers were in a semi-

lithified State when the deformation oecurred,whereas the organic matter-richlaminae
were still in a plastic State. The competence contrast between the different layers
promoted the development of disharmonicfolds. It is also important to note that the

folds are well preserved and that the thickness of the white dolomite layers is constant

and independentof orientation relativeto bedding. This indicates that compaction after

deformationwas minor and the lithification process in the dolomites was rapid,
oecurring close to the sediment-water Interface before substantialburial. The phospate
nodule (arrow in Fig. 3.15) was also clearlyformedprior to deformation and behaved as a

solid inclusion. This documentsthat phospate formation also oecurred soon after

sediment deposition.
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phosphatenodule which behaves as a solid inclusion.
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3.4.3 Brittle deformation (Layers 140, 144u, 88)

The deformatlonal behavlor of the dolomite laminae in the following examples is

much more brittle than the behavior In those previously discussed, indicatingthat
lithification was more advanced when deformation oecurred.

Layer140
Layer 140 is well laminated and contalns 8 layers of pure dolomite. The folded

specimens(Figs. 3.16a&b) show a clear competencecontrastbetweenthe white, dolomite-

rich layers and the dark organic matter-rich layers. The white dolomite layers are

broken into fragments with sharp edges and occur in an almost vertical orientation and

displace the moreplastic matrix rieh in organicmatter. These movementshave produced
an Irregulär orientation of the clay minerals and a chaotic texture in the matrix. In

addition, the thicknesses of the dolomite layers in samples of layer 140 remain

approximately constant. These observations indicate that complete lithification of the

matrix oecurred soon after deformation without substantial post-deformational
compaction.

Layer 144u

Deformationstructures in layer 144u have been observed at the outcrops Mirigioli,
Val Porina, Tre Fontane and Dossi. In many samples both compressional and

extensionalfeaturesare present, indicating a complex interplay of different deformation

phases during the movement of the sedimentpackage (Figs. 3.17 a-h). The three upper

laminae al, a2 and a3 are often disrupted and the fragments are rotated, whereas only
minimal deformation is seen in the underlying or overlying layers (Fig. 3.17a). A slight
overthrustingof layer b is seen in the center ofthe figure, but the amountof shortening in

this layer can not account for the shortening in the three layers al, a2 and a3. This

deformation could have been produced by a bottom current that had enough energy to

rework a few millimeters of the sediment and would indicate that dolomitizationof

some of these laminae was very rapid and oecurred only a few millimetersto centimeters

below the sediment-water Interface.

Fig. 3.17b shows the central part of layer 144 cut by cracks. The cracks are filled with

material Coming from above (intruding downwards) indicating that only the white

dolomite layer was lithified when these cracks formed. The intrusionof sedimentfrom

the top suggests that deformation took place close to the sediment-water Interface before

substantialcompaction oecurred. If they had been formed at depth, the movement of

matter would probably have pushed sediment upwards as a result of the pressure gradient
due to the sediment overload.

The samples shown in Figs. 3.17 c, d & e were collected only a few meters from those

previouslydiscussed.The structuresin these samples are a consequenceof extensional

movements within a sediment package during gliding followed by compressive
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movements after the sliding sediment came to a rest. The angularity of the broken

dolomite layers and the absenceof deformation featuresin the clasts indicates that the

dolomite layers were already lithified before deformation. The underlying organic
matter-rich laminites also show some cohesion and are broken into clasts with dark

material from above filling the voids (Fig. 3.17c). This may reflect partial lithification of

the underlying dark layers at the time of deformation, or alternatively, the organic
matter in these layers may have acted as a cohesiveagent essentiallygluingthe sediment

particles together. The uppermost layer of the samples Ülustratedin Figs. 3.17 c, d &e

show no evidence of deformation. This indicates that deformation oecurred before its

deposition and therefore only a few cm below the sediment-water Interface. The lack of

major differential compactionaround the thickened segments indicates that none of the

lithologieswere substantially compacted after deformation.

In contrastto other oecurrences,deformation of layer 144u at outcrop Dossl is plastic
ratherthan brittle (Fig. 3.17h). The thickdolomite layer at the center of the layer showa

diapiric ascension of the mud.This behavior is observed over a distanceof many meters.

The observed features can be interpreted as load structures, which induced regularly
spaced, diapiric ascension of dolomitic mudwhenthe sedimentwas still unconsolidated.

In contrast to the preceding examples, layers al, a2 and a3 also show completely fluid

behavior. Comparison of oxygenisotope compositions of the layers deformedbrittly and

those deformed plastically show no significant variations. This suggests that the

dolomitizationprocess, was relatively rapid and led to a complete lithificationof the

sediments soon afterdeposition. This is also supported by the petrographicobservations,
which indicate a limited compaction after deformation.
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Figs. 3.17a-f Examples of brittle deformation structuresin layer 144u at outcrop Mirigioli.
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Layer 87

Layer 87 consists of a basal non-laminateddolomite layer overlain by an organic
matter-richlaminite (Fig. 3.18). The crack in the basal layer, which had approximately a

E-W strike, could be followedfor manymeters at the outcrop Mirigioli (Müller, 1965). The

angular margins of the crack and the fluid behavior of the laminated sedimentinfilling
the crack, again demonstratethe different degree of lithification of the lithologieswhen

deformation took place. This sample also clearly indicates that deformation took place
when only about 2 centimeters of laminated dolomite were deposited on top of the

cracked layer as the lamination above these 2 centimetersis completely undisturbed.

Fig. 3.18

Example of brittle deformation of

layer 87, at Mirigioli. Note the

sharp edges of the already
lithified dolomite layer and the
fluidal behavior of the organic
rieh material filling the crack
from above. This suggests that
deformationtook place close to

the sediment-water Interface.
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3.4.4 Interpretation

The deformation structures discussed above allow the timing of lithification relative

to depositionto be constrainedand have implications for the geometryof the GBZ basin.

The presence of undisturbed layers overlying the deformed layers as well as the

downward-infilling of the organic-rich sediments indicate that deformation oecurred

close to the sediment-water Interface. The brittle or slightlyviscose deformation of the
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dolomite layers indicates that slumping oecurred at a stage of advanced lithification of

the dolomites. In contrast, at the time of deformation the organic matter-richlaminated

dolomites were probably still water-rich and unconsolidated. The excellent preservation
of the structures and the limited compactionalfeatures provlde evidence for minimal

compaction after deformation and indicates that the lithification process throughout
the formation was fast, whereby the dolomite layers were lithified slightly faster than

the organic matter-rich layers. The black shales In contrast are strongly compacted
indicating that their lithification happened much later.

Isotopic analyses of beds with different lithologies and rheological behavior were

carried out to determine whether a correlation exists between the timing of

dolomitizationand carbon and oxygen isotope composition. The variations in isotopic

signatures are minimal and below the resolution power of oxygen isotope thermometry.
Thus, dolomitizationof the white and the organic matter-rich layers can be considered

nearly simultaneous. The consistency in carbon isotope composition between deformed

and undeformed layers indicates that both the white dolomite layers and the organic
matter-richlayers were formed in the sulfate reduetionzone. Results of Isotopic analyses
will be discussed further in Chapter4.

Mechanismsproposedfor the Initiationof submarine mass movementsare varied but

no means are available to distinguish the differentprocesses.Suddenvariations In water

depth, earthquakes, stormsurges associatedwith hurricanes,sea level changes and other

mechanismshave been postulated as causesfor destabilization of sediment packages(for

a comprehensivereview see Schwarz, 1982). Further instabilitycould be caused by the

production of gas by anaerobic bacteria, as postulated by Nelson and Lindsey-Griffin
(1987). Bacterial activitywas probably intense in the sedimentsand gas buildup at the

base of more impermeable layers is a viable possibility to create instability in the

sedimentcolumn. The small scale of the displacements and the short transport dlstance

of the disturbed layers suggest that the slope of the basin bottom was very small,

probably only a half to one degree. This is consistent with observations in modern

environmentswhere small scale slumping oecurs on slopeswith angles as low as 0.5°

(Schwarz, 1982).

3.5 DolomitePetrography and Cathodoluminescence(CL) Cement Stratigraphy

3.5.1 Grenzbitumenzone

Dolomite in the GBZ is generallyfine-gralned and anhedral to subhedral. Grain-size

ranges frombelow microscope resolution to 200 pm. Porosity is low in the laminltesbut

can be significant In massive dolomite beds. Stalnlng of thin sections with potassium

ferrieyanide, shows that all dolomite in the GBZ is Fe-poor. With cathodoluminescence

petrography four dolomite generations can be distinguished. The earliest recognizable
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generatlon, Dolomite I, is characterizedby 20-50 pm rhombs, with inclusion-rich or

dissolved centers and clear rims. Inclusions In Dolomite I are indeterminable opaque

material (organic matter?) and pyrite framboids. The dolomite rhombs are generally
only present in organic matter-rich laminae with a relatively low dolomite content.

Their absence in dolomite-rich layers is due to subsequent recrystallization, as

evidenced by recognizableghosts. This type of dolomite represents a maximum of 1% of

the total dolomite volume and has a dull red homogeneous color in cathodo¬

luminescence. Cathodoluminescencemicroscopyfailed to show any chemlcal zoning or

evidence for a precursor carbonate.The texture suggests direct precipltation of Dolomite I

rather than replacementof precursor carbonate grains. Physical Separation of these

grains is impossible and prevents a more deflnlte chemlcal characterization.The

presence of pyrite InclusionsIn the cores of the Dolomite I crystals indicates that pyrite
formation at least partly predates the earliest formation of dolomite. The presence of

dissolved centers can be interpreted as a result of dissolutionof an early precipitated
dolomite phase which became unstable in the pore waters at some time after its

formation (e.g. Randazzo and Cook, 1987).

Dolomite II is the most common dolomite type and forms 85 to 100% of the total

dolomite volume. Crystals are generallyanhedral to subhedral and clear but inclusion-

rich varieties also occur. In cathodoluminescence Dolomite II is red and shows no

chemlcal zoning. Dolomite II Is interpreted as a replacement of a fine-grained carbonate

mud. The thlrd generation of dolomite, Dolomite III, is easily recognized in cathodo¬

luminescenceas it shows a bright orange color (Fig. 3.19a,b) but Is indistlnguishable
from Dolomite II under the petrographic microscope. This dolomite is a pore-filllng
cement and is only abundant In dolomite layers with low organic mattercontents and

relativelycoarse grain-sizes. The cathodoluminescencemicrotextures demonstratethat

the fluid responsable for the precipltation of Dolomite IU lnfiltrated into the rock elther

through interconnectedpores or throughhair-thin microcracks. This phase of dolomite

precipltation Is responsiblefor an important porosity reduetion. The dispersed nature of

dolomite III prevents its Separation from dolomite II for isotopic analysis, however, a

correlationbetween its abundance and a decreasing 8180-composition of the bulk

samplesindicates that it is a late diagenetic highertemperature cement (see also Chapter
4). The last phase of dolomite observed in the GBZ, Dolomite IV, Is only present In larger
pores or in fossil molds. It is characterizedby a well-definedchemlcal zonation parallel
to crystal growthfaces (Fig. 3.20) and shows an increasein crystal size towardsthe center

of the cavities. This is a streng Indication that Dolomite IV Is a true cement which did

not suffer any recrystallization. This phase of dolomite contains abundant primary
fluid inclusionswhich are used to constrain its temperatureof formation (see Section

3.6).
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Flg. 3.19 Plane polarized light (a) and cathodoluminescencemicrographs(b) allow the distinction

of different generaüons of dolomite in the GBZ. Dolomite II is characterized by a red luminescence,

whereasdolomite III shows bright yellow luminescence. Field of view is 8 mm Wide.
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Fig. 3.20 Plane polarized light (a) and cathodoluminescencemicrographs (b) of dolomite IV

showing chemical zonation and growth structure. The increasing grain size towards the center of

the pore and the chemical zonaüon parallel to the growth faces of the crystals indicate that it is a

primary cement. Field of view is 8mm Wide.
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3.5.2 San Giorgio Dolomitesand Lower Salvatore Dolomite

Only a few diagenetic features of the Salvatoreand San Giorgiodolomites which are

necessary to constrainthe late diagenetic history of the Grenzbitumenzoneare discussed

here. For a general discussion of the petrography and sedimentology of these formations

see Chapter 2 and Zorn (1971).

3.5.2.1 Salvatore Dolomite

In the Monte S. Giorgioregion, the thickly layered to massive Diplopora Dolomite is

interlayered with sedimentarybreccias (Figs. 3.21a& b). These breccias form bodies of

indeterminable geometry which are at least a few meters In thickness and width and

more rarely form bedding parallel layers up to 30 cm thick (Fig. 3.21a)The breccias are

characterizedby angular clasts offine-grained grey dolomite, up to 5 cm in diameter,and

are cemented by two generations of dolomite cements and late diagenetic calcite (Fig.
3.22). Cathodoluminescence petrography (Fig. 3.22b) allows a correlationof these

cements with those observed in the GBZ, with the exception of the late phase calcite

which occurs only in the Salvatore Dolomite. The cements depicted in Fig. 3.22b

correspond to Dolomite III and Dolomite IV of the GBZ. The dark lines in the

idiomorphic Dolomite III crystals (Fig. 3.22a) are stringers of one and two-phase
primary fluid inclusions similar to those seen in the cements in the GBZ dolomites

(discussedfurther In Section3.5.3).

3.5.2.2 San Giorgio Dolomite

The base of the San GiorgioDolomite characterizedby abundant silicificatlons (Fig.
3.1, layers 187-230) which form layers and/ornodules (Fig. 3.23a) In numerousbeds. The

cherts, composedof rnicrocrystalline quartz and chalcedony, are characterized by the

presence of abundant radiolarian molds filled by chalcedonyand always show Sharp
contacts to the enclosingdolomite. The dolomite crystals are generally xenomorphic,Fe-

poorand ränge in size from 50 to 200 microns. In general, only one phase of dolomite is

observed, although rarely brightly luminescent dolomite with growth zones of

alternating luminescencecolors occurs in open pores associated with late subvertlcal

dolomite veins. In cathodoluminescence,the dolomite displays a dull red color and

shows no evidence of chemical zoning. Dolomite beds are often affected by slumping,
whereby the chert layers are broken into small angular clasts (Fig. 3.23b). In contrast,

dolomite never shows evidence of deformation indicatingthat dolomitizationis later

than chert Induration. This is substantiated by the presence of mollusk shell fragments
replacedby quartz. In contrastto Shells replacedby dolomite, the silicified Shells show a

good preservation of the Internal layerlng of the shell, which Indicates that they were
silicified prior to recrystallization of the original shell. In partially dolomitized beds, a
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Cathodoluminescencedetail of the cements in the breccia of Fig 3.21. The different cements exhibit

the same sequence of cementation as in the GBZ. (compare Fig. 3.20). The black spots are pores. Field

of view is 3 mm wide.
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preferential replacement of the mud, leaving intact coarse calcitebioclasts, is observed.

The lack of differentgenerations of cements prevents a direct correlation of the Urning of

dolomitizationwith the GBZ and Salvatore dolomites,however, the rapid transition to

the Meride Limestone and the presence of discordant dolomite-limestone transitions

suggest a relatively late origin of these dolomites.

3.5.3 Fluid inclusions

Fluid inclusions occur only in Dolomite IV and are always aligned along the growth
faces of the crystals (Fig. 3.22a). This can be taken as a proof for their primary origin
(Roedder, 1984). The presence of chemical zonation parallel to the growth faces of the

crystals (seen in cathodoluminescence)exclude a recrystallization or a neomorphic
origin of the crystals, therefore, the fluid inclusionsshouldreflect primaryconditions of

dolomite precipltation. The fluid inclusionsare in general only a few mlcrometerslong.
Only a few of them are two-phaseliquid-gas inclusions, whereas the majority consistof

one phase (fluid) only. Daughter minerals in the inclusions were never observed.

Temperaturesof homogenizatlon (to liquid) ränge between 57 and 94°C, and the majority
are between70 and 80°C (Fig. 3. 24). Salinitles could be measured onlyin a few inclusions

because, on cooling, most ofthe inclusionscrack due to the volume Increaseproducedby
the formation of ice. The five salinitles that could be determined indicate a fluid

composition close to that of seawater.
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Homogenization temperature
Fig. 3.24 Histogram of homogenization temperatures of fluid inclusions from

Dolomite IV (samples from GBZand SalvatoreDolomite).

The homogenization temperatures of the fluid inclusions give the minimum

temperature of trapping of the fluid during crystal growth (Roedder,1984) and, therefore,

give an estimate of the minimum temperature of formation of the crystal. The
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coexistence of one-phase and two phase fluid inclusionsin low-temperature diagenetic
settings, however, is generally attributed to the metastability of the fluid in the

inclusions. In fact, in fluid inclusions formed at temperaturesbelow approximately
60°C, the nucleation of a gas bubble can be hindered by kinetic factors, and the fluid

inclusioncan persist in a metastable State as one phase (Roedder, 1984). The common

coexistence of one and two-phase fluid Inclusions In the GBZ Dolomite IV cements is

therefore interpreted as evidence for a maximum temperatureof precipltation of 70°C.

The anomalous high temperatures, reachlng 90°C, of some of the Inclusionsare probably
due to stretching during samplepreparationor during sampleheating (Roedder, 1984).

3.5.4 Summary

The petrographic observations show that, in the GBZ and Salvatore Dolomite,
dolomitizationwas a multi-stage process. The main percentage of dolomite lf of early
diagenetic origin in both formations.The lntercrystalline porosityleft by the first stage
of dolomite formation (Dolomite I and II) controlled the extent of the late dolomitization

(Dolomite III and IV). These late dolomite phases are present only in beds which were

permeableenough to support fluid circulation during burial diagenesis. Fluid inclusion

data indicate that the late diagenetic cements were precipitated from fluids with

salinities close to seawater at temperatures of approximately 70°C.



66

CHAPTER4

INORGANICGEOCHEMISTRY

4.1 Major and Minor Element Geochemistry

4.1.1 Introduction

Black shales are often enriched in certain trace elements, particularry V, Zn, U, Mo,
Ni, Co and Cr (e.g. Vine and Turtelot, 1970; Brumsack, 1980, 1986; Coveneyand Glascock,

1989). Although these high metal concentrations are generally associated with the

presence of high quantities of organicmatter,the timing and mechanismsof enrichment

and especially the source of the metals are still poorlyunderstood. Scavengingof metals

through inorganicSulfide (co-)precipitationand organic complexation at the oxic-anoxic

interface in the watercolumnand/or In the sediment have been proposed as mechanisms

for syngenetic trace metal enrichment in black shales (e.g. Vine and Turtelot, 1970).
Direct metal contribution from marine organisms, which can be highly enriched in

sometrace elements,may also be a source for the high trace metal content of black shales

(e.g. Brongersma-Sanders,1965). Moreover, epigenetic and supergene processes may play
a role as concentratingor leachingagents (e.g. Coveney and Glascock, 1989).

If late diagenetic or weathering processes can be ruled out as sources of metal

enrichment, trace metal geochemical signaturescan be used as indicators for variations

in redox conditions during Sedimentation and early diagenesis. The solubility and the

fixation in the sedimentof some metals, such as Ni, U, V and Mo, are controlled by the

pH-Eh conditions, therefore, their enrichmentreflects variations in redox conditions. In

addition, calculation of the amount of trace metals added during early diagenesiscan be
used to constrainSedimentation rates. If excess trace metals are enriched in the sediment

by diffusion from seawater along chemical gradients, the pore-waters must remain

connected to the bottom waters through open porosity. The preservation of an open

system in the sediments is dependenton the sediment accumulationrate. Therefore, the

magnitude of trace metal enrichment should be inversely proportional to the bulk

Sedimentation rate.

Major and trace element geochemical analyses (for complete analyses see Appendix A)
have been made in order to determine the origin of the metals and the timing of

enrichment, to estimate the Sedimentation rate and to test for possible variations in

sedimentinput characteristics and anoxic conditions.
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4.1.2 Results

4.12.1 Major Elements

A plot of aluminiumconcentrations in black shales and dolomitic beds and silica

show a good positive correlation (R2= 0.94, Fig. 4.1a). Si02/Al2Q3 ratlos clustering
around 3.5 are typical for average terrigenous shales (Wedepohl,1970). A few samples
show a higher S1O2/AI2Q3 ratio, indicating a higher Input of biogenic and/or detrital

silica. Due to diagenetic remobilizationof silica, however, this ratio cannot be used as a

direct indicator for variations of siliceous microorganlsmproductlvityor for variations

in detrital input. Potassium and titanium concentrations also show a good positive
correlationwith AI2Q3; (R2 = 0.97 and 0.99 respectively, Figs. 4.1b, 4.1c) and may

Indicate a detrital origin and a domlnance of illitic clays over chlorltes. Iren contents

correlate positively with AI2Q3 (Fig. 4.1d) Indicating that iron is mostly of detrital

origin. However,Fe is not incorporated to alumosilicates, as 53 to 82 % of total Iron is

now boundto pyrite (see section 4.2.).
The low manganese contents (< 0.02 % In black shales) are typical of sediments

deposited under reducing conditions. Both manganeseand iron are highly insoluble In

oxic environmentsbut are mobilized as Mn2+ and Fe2+ under reducing conditions. In the

presence of sulfide ions, Mn can diffuse out of the sediment along concentration

gradientsbecause it does not form a stable sulfide mineral,whereas Fe is immobilized by
precipitation as pyrite or as a monosulfide. Thus, high Fe/Mn ratlos indicate deposition
of sediments (both black shalesand dolomite beds) in a sulfidic environment.

4.12.2 Trace elements

Concentrations of selected trace elements In average GBZ black shales are listed in

Table 4.1 togetherwith values for average shales(Wedepohl, 1970), modern sea waterand

living plankton.Complete analyses of the GBZ sediments can be found in Appendix A.
Vanadium contents ränge from 1537 to 3600 ppm and show an excellent positive

correlation with TOC (Fig. 4.2a). The maximum V content of 3600 ppm corresponds to an

enrichment ofup to 1.4 x 106 times compared to modernsea water(2.5 ppb) and 28 times

compared to the average shale. Nickel contents ränge from 97 to 260 ppm,an enrichment

of approximately 3 times relative to average shale and approximately 1.1 x 105 times

that ofmodern sea water. Ni also correlates positively with TOC (Fig. 4.2b.). Both

vanadium and nickel enrichment are apparently strongly associated with organic
matter concentration.The V/(V + Ni) ratlos ränge from 0.7 to 1. (Flg. 4.3) indicating
depositionunder highly sulfidic conditions(see section 4.1.3.2. for discussion).
Mo concentrationsränge from 110 to 350 ppm,which correspond to an enrichmentof

up to 135 times relative to the average shale and 2.6x 104 times relative to modern sea

water. U contents ränge between 17 and 54 ppm (enrichment up to 15 times), whereasZn
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contents vary considerably between 32 and 999 ppm which corresponds to

concentrations ranging from lower than those of the average shale to enrichmentsof 9

times. Cu contents ränge from 30 to 936 ppm, and Pb contents from below detection limit

to 234 ppm.

Table 4.1 Selected trace element concentrationsin average Grenzbitumenzoneblack

shale, average shale (Wedepohl, 1970), sea water and plankton (from Arthuret al., 1990

and references therein). All values In ppm.

Average GBZ Average
Element Black Shale Shale Seawater Plankton

Ba 1283 580 14xl0"3 80

Ni 191 68 1.7 xlO"3 9

V 2875 130 2.5 x 10"3 3.5

Zn 314 110 5x10-4 165

Cu 328 39 lx KT4 18

Mn 148 600 8xl0"5 11

Pb 104 23 5xl0"7 5

Mo* 271 2.6 10.6 xlO'3 2

U* 28 3.7 ~ -

* Grenzbitumenzonedata fromBlumer (1950).

4.1.3 Discussion

4.1.3.1 Sourceof trace metals.

Trace metals may have been added to the GBZ sediments with the circulation of

different types of fluids (e.g. brines or meteoric waters) at various stages after their

deposition ~230 M.y. ago until the present. However, the good preservation of early
diageneticSignals, such as carbon and oxygen isotopic compositions of the dolomites,
the presence of only minor late diagenetic, higher temperaturecements, and the low

degree of thermal maturationInferred from the organic geochemicalstudies indicate

that probably no pervasive fluid circulation oecurred during the burial history of the

GBZ. Based on these observations, a late diagenetic metal enrichmentor remobilization

is considered unlikely.
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Recent to sub-recent interactions with meteoric fluids is also a plausible mechanism

for trace metal enrichment or leaching. For example, supergene processes have been

shown to be responsible for Mo and V enrichment of the black shales of the Gibellini

deposit in Nevada (Böhlke et al., 1981). Moreover, Coveney et al. (1987)have shown that

Mecca Shales from Indiana retain the capacity to fix Mo from dilute aqueous Solutions,

although the flxation mechanism is unknown. In the case of the GBZ, the

impermeability of the shales, the lack of evidence for oxidationof the organic matter

and the selection of unweathered samples for analysisindicate that an enrichmentdue
to recent to sub-recent interaction with meteoric fluids is unlikely.

Bioturbation structuresare absent and fine lamination is well preserved in all of the

analyzed samples. Therefore, possible synsedimentary remobilization and

homogenization of the geochemical signatureby burrowingfauna can be excluded. Some

remobilizationduring early diagenesisdue to moving redox fronts could also be a cause

of enrichments or depletions in particular layers, as shown by Jarvisand Hlggs (1987) in

turbidites deposited in a basin with intermittentlyanoxic conditions in the water

column. In their case oxidation fronts migrating through the sediment due to

intermittentanoxia cause metal remobilizationand preferential enrichment in some

layers. Although it cannot be excluded that similar processes were active during
depositionof the GBZ, their effect was probably minor, as the pervasivelaminations in

almost all of the layers are indicative of persistent bottom-wateroxygen deficiency with
minor variations in the intensity of reducing conditions. Moreover, the dolomiticlayers
show metal enrichments relative to average carbonate sedimentsand are therefore a

sink and not a source for metals for the black shales.

Based on these considerations,I conclude that the concentration processes of trace
metals were purely synsedimentaryand that the geochemicalsignatures were solely
controlled by the depositional environment (intensity of anoxia, presence of sulfide

ions, Sedimentation rate) and variations in organic matter and detrital Input.

4.1.3.2 Controls onVand Ni enrichment

In a recentpaper, LIpiner et al. (1987) have shown experimentallythat the metallation
of porphyrins by V is strongly acceleratedby the presence of organic sulfurCompounds
and dissolvedpolysulfides. This Observation explainswhy vanadiumdominates over Ni

in sediments deposited under sulfidic conditions, even though it is not the

thermodynamicallypreferred cation for porphyrin metallation. Thus. the V/(V+ Ni)
ratio is a good paleo-redox indicator especially for distinguishingsediments deposited
under sulfidic bottom waters. Most of the samples have a V/(V+Ni) ratio close to unity
(Fig. 4.3), which indicatesthat the bottom waters of the GBZ basin were anoxic and



72

sulfidicthroughoutdepositionor that after a water-column turnover anoxic conditions

were quicklyreestablished.

Although the metallation of porphyrins is thermodynamically possible over the

entire ränge of diagenetic conditionsfrom early diagenesisto catagenesis (Lipiner et al.,

1987), the lack of a source, other than sea water, for high quantities of V implies an early
diagenetic or syndepositional origin for the vanadium enrichment. High V

concentrations and a V/(V+Ni) ratio close to unity require highly anoxic, sulfidicbottom

waters and extremely slow Sedimentation rates. The slightly lower ratio in some of the

organic poor samples may Indicate less sulfidic conditions.
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Fig. 4.3. Plot of V/(V +Ni) ratios versus total organic carbon content in the dolomites

and black shales of the GBZ. In general, the ratios are close to 1 and reflect

relativelyconstant V-concentrations,independentof TOC-content.

4.1.3.3 Calculationsofexcess trace metals

On the basis ofthe preceding discussion, the trace metal geochemical signaturesfound
in the GBZ sediments are the sum of three maincomponents:

1) a detrital component related to the accumulationof alumosilicates,

2) a biogeniccomponent related to the accumulationof organicmatter, and
3) a early diagenetic-synsedimentarycomponent produced by metal scavenging

from sea waterat the sediment-water interface through organic complexation
and/or sulfide (co-)precipitation.

Excess metal concentration,defined as total concentration minus the primary detrital

and biogenic input, is dependent on the time available for sediment-water interaction
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during Sedimentation and, therefore, reflects Sedimentation rates. At high
Sedimentation rates, the sediment-pore water systemis likely to quickrybecome a closed

system because of fast burial, whereas with low Sedimentation rates, diffusion along
chemical gradients and exchange with sea water can continue for a longer time. Thus,
calculations of early diagenetic trace metal enrichments can be used to estimate

Sedimentation rates either through comparison with trace metal accumulationrates in

modern sedimentsor through estimation of the volume of water that must be stripped
free of metals to producethe observed enrichment.

The contribution of the detrital and the biogenic component to the trace metal

signaturecan be determined as follow:

1) Detrital trace metal input
The AI content of the sediment can be a proxy for the detrital content of the sediment,

as AI is an immobiledement and is present as alumosilicatesonly. Assumingthat the

trace dement composition of the detrital component in the black shale is the same as

that of the average detrital shale ofWedepohl, (1970), the detrital input of any trace metal

(Me) of interest can be estimated and subtracted from the total concentration using the

formula given by Bralower and Thierstein(1987):

Excess Metal = Me samp. - (AI samp. X [ Me/Al ] avg. shale)

Where: Me samp = concentrationofthe metal In the sample; and
[ Me/Al ] avg. shale = Me/Al ratio in the average shale

The contribution from carbonate and silica skeletal material is neglected because

various authors (e.g. Collierand Edmond, 1983, and references therein) have shown that

skeletal materialis an insignificant carrier of trace elements, such as V and Ni, into the

sediment.

2) Direct biological input:
Living organicmatter is greatly enriched in sometrace metals compared to sea water.

(Martin and Knauer, 1973; Collier and Edmond, 1984). Accumulationof organic matter
can be responsible for a significant trace metal input into the sediment. The direct

contribution from marine organisms can be estimated from TOC concentrations and

published data on trace dement contents ofrecentmarine plankton.
For a correct estimate, however, potential trace element enrichmentsdue to organic

carbon losses during particle sinking In the water column and early diagenetic organic
matter degradation have to be considered. Broeckerand Peng (1982) and Collier and

Edmond (1984) have shown that particulate organicmattercan be an important carrier

of trace elements into the deep ocean but also noted that the residual particulate organic
carbon (POC) leaving the photic zone is not enriched In trace metals comparedto the

living matter, i.e. the organic carbon/trace metal ratio is essentially the same for
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undegraded organic matter and POC. Therefore, the organic matter reaching the

sediment can be assumed to have the same composition as that of living organisms.
Organic carbon losses during early diagenesis are difficult to estimate. In anoxic and

particularly in euxinic (H2 S-bearing) bottom waters, bacterial degradation of organic
matter is less efficient and more incomplete than in oxic environments (Tlssot and

Weite, 1984); diagenetic organic carbon losses generallydo not exceed 20 to 30% of the

organic matter reaching the sedimentsurface (Berner, 1982). The high hydrogen indlces

(Tab. 5.2) of the organic matter of the GBZ indicate good preservation. Therefore,it is

assumedthat early diagenetic carbonlosses did not exceed 30%. Thus, the trace dement

enrichmentthrough diagenetic organic carbonlosses of the final organic rieh sediments

compared to the originalbiomass shouldnot exceed a factor of 1.42 (30% loss). The exaet

calculation procedure can be found in AppendixB.
Excess trace metal concentrations in GBZ black shales obtained from detrital and

direct biological input calculations are reported in Table 4.2. The excess metal

concentrations in different layers can vary widely, indicating changing conditions

during the various events of black shale deposition. In some layers, the concentration of

some metals can be explainedby a purely biogenicand detrital input and do not require
furtherenrichment. The high excess concentrationsof trace metals found in most of the

samples, however, indicate that the major contributionto the trace metal geochemical
signature of the black shales is derived from early diagenetic and/or syndepositional
interaction between sea water and the sediment.

4.1.3.4 CalculationofSedimentation rates and waterresidencetimes.

An estimate of Sedimentation rate and residencetime of the water in the basin can be

obtained by calculating the volume of seawater that must be stripped free of a specific
dement to account for the mass of this dement in a particular layer. In the following
calculations, vanadiumis used because it shows the highest excess concentration of all

the elements measured and therefore gives an estimate of the minimumvolume of water

required.
Assuminga 10 cm thickblack shale layer with a V excess concentration of 2500ppm,

a shale density of 1.7g/cm3 (Rickenbach, 1947) and a mean seawater vanadium

concentration of 2.5 ppb, approximately 170,000m3 of waterwould have to be stripped
free of V to account for the V stored in the sediment during the deposition of the 10

centimeters of black shale over a area of 1 m2. If basin dimensionsof 10 x 10 km and a

constant thickness of the layer are assumed, the total vanadiumcontent of the layer is

4.25 x 1010 g. This corresponds to the vanadiumcontained in 1.7 x 1013 m3 of seawater.

The depth of the GBZ can be estimated to lie between 40 and 100m (see Section 3.3.3).

Thus, for a meanbasin depth of 50 m approximately 3400basin volumes, are requiredto
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account for the vanadium contained in this layer, whereas, lf a depth of 100 m is

assumed, 1700basin volumes are necessary.
On the basis of evolution rates of daonella species. Rieber (1973) estimated the

compacted Sedimentation rate of the GBZ to be between 1 to 10 m/m.y.. Taking these
values as a bracket, the 10 cm of layer 97 represent 105 or 104 years, respectively.
Assuming a 50 m water depth, the residence time of the water in the basin would be

between29 and 3 years, whereasif a depth of 100m is assumed, residencetimes between

58 and 6 years can be estimated.These estimates of residence time are independentof
basin size as the volume of the black shale and water volume increaseproportionally if a

larger basin is assumed. The calculatedresidence time can be considered as maximum

estimates because the calculationsare based on 100% extractionof vanadium from

seawater and a complete renewal ofthe water column is assumed. However, the presence
of a stable densitystratificationand of H2S in the water column, indicate that probably
only part of the water columnwas periodically changed. Thus, the actualSedimentation

rate for the black shales was probably close to 1 m/m.y., and the residence time of the

water in the basin was between30 and 60 years.

ParametersControlling the residencetime of the water mass in a closedbasin are size,

shape and slope of the basin, size and depth ofthe Channels which ensure the connection

to the open sea and relative amounts and densities of the inflowing and outflowing
waters (e.g. Deuser, 1975). Becausethese parameters cannot be constrainedfor the GBZ, it

is difficult to compare the calculatedvalues for the GBZ with modern analogues. Only
very limited data are available on the residencetime of watermasses In recent enclosed

lagoons and basins. For example, the residence time of water In the Kahu Bay
(Indonesia), which is an anoxic to disaerobicbasin covering an area of 30 by 60 km, is

between27 and 55 years (Middelburg, 1990).
The question arises whethersuch short residencetimes of water In the basin are long

enough to efficiently scavenge trace metals from the water column. No data are available

for scavenging rates of vanadiumin sea water, but Jacobs et al. (1985) showed that other

trace metals,such as Cu and Zn, have a residencetime on the order of a fewmonthsin a

permanently anoxic Norwegian fjord where surface water has a residence time of

approximately 1 year. Broecker and Peng (1982) indicate that the scavenging time forTh

can be on the order of days in estuarineenvtronmentsassociatedwith high productivity.
Therefore, it is possible that V, which has a lowered solubility in reducing envtronments

and easily forms stable organic complexesunder sulfidic conditions(Lipiner et al., 1987),
could be efficiently removed at the rates necessary to explainits enrichmentin the GBZ

shales.

Premovic et al. (1986) suggested that a special input of V was necessary to explainits

high concentration in the GBZ and that the volcanic layers could be a source. They
assumed a basaltic composition for the volcanic products because basalts have higher
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vanadiumcontents. However, the ashes in the GBZare the product of an intermediateto

acidic volcanism which generally has V levels comparable to the average shale. The

above calculations, however, show the feasibility of the enrichment process from sea

water without a need forunusual sources oftrace metals.

4.1.3.5 Calculationof primaryproductivity

Based on estimates of Sedimentation rates and TOC-contents, primary productivity
was calculatedfor degrees of preservationranging from 2 to 30% (Tab. 4.3). This ränge
includes the entire spectrum of preservationfactors calculatedfor modern environments

ranging from open marine anoxic to disaerobic (2%; e.g. Pratt, 1984) to restricted

environments, such as the BlackSea (4 to 9%) and the SaanichInlet, British Columbia or

the Bornholmbasin in the Baltic Sea, where preservationfactors reach 17% and 29%,

respectively (Bralowerand Thierstein, 1987). The results are summarized in Table 4.3.

Recent shallow-water lagoons can be environments of high productivity,
exceptlonalry reaching 1000 gC/m2/yr(Barnes, 1980). That is partly because the shallow

water enable rapid recycling of nutrients from decaying organic matter at the bottom

(Kellyand Naguib, 1984). However, primaryproductivitles are generallyaround 200-300

gC/m2/yror less. Productlvities can reach up to 500 gC/m2/yr in upwelling regions,
where nutrients are abundant and are continuouslyreplenished. In comparison,
calculatedprimary productlvities for the GBZ ränge from 1440 to 21600gC/m2/yr for a

Sedimentation rate of 10 m/m.y. and from 161 to 482 gC/m2/yr for 1 m/m.y. These

calculated primary productlvities greatly exceed the values observed in recent

environmentsexceptwhere very low Sedimentation rates are assumed.

In conclusion, the more reasonable lower primary productlvities calculated for the

GBZ black shales agree with trace metal calculations and indicate that the

Sedimentation rate was probably closer to 1 m/m.y. than 10 m/m.y.. Even consideringa
very high preservation factor of 30% of the primary productivity, the primary
productlvities calculatedfor a Sedimentation rate of 10 m/m.y. largely exceed the value

of 1000gC/m2/yr which can be considered a maximum. This Indicates that only a

combination of very low Sedimentation rates with high productivity and/or a high
preservation factor can produce the observed enrichments in organic carbon. The

productivitles calculatedfor the laminated dolomites under the same assumptions are

very low, which suggests that they were rapidly deposited with high dilution of organic
matter and detrital input by carbonate.
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4.1.4 Summary

The relatively homogeneouschemical compositions of the shales suggest a constant

detrital input occasionallydiluted by increased carbonate deposition and introduction

of mainly biogenic silica. The trace dement distribution in both the black shales and

the dolomites indicate depositionunder permanently sulphidic conditions. The excess

trace metal mass balance and source calculations indicate that the trace dement

enrichments in the black shales are mainly controlled by early diagenetic redox

reactions at the sediment-water Interface or at the redoxcline and that these

enrichmentsare only possible with extremely slow Sedimentation rates. Estimations of

primary productlvities indicate that the Sedimentation rates (compacted) for the black

shales were probably close to lm/m.y., whereas the carbonate layers were deposited
faster. These results are compatible with sedimentologicalobservationswhich indicate a

sporadic, discontinuous carbonate Sedimentation as the mechanism for bedding
formation. The high organic matter content of the black shales is the result of a

combination of high productivity and low Sedimentationrate associated with high
preservationrates.

4.2 SulfurGeochemistry

4.2.1 Introduction

Sulfur Is widely distributed in the lithospherebiosphere and hydrosphere. The presence
of reducedsulfur in sediments is generally associatedwith the activity of sulfate reducing
bacteria In the water column and /or in the sediment. Bacterial reduetion of sulfate

produceshydrogensulfide enriched in 32S by 14 to 46%orelative to the initial sulfate.

The magnitude of the fractionation depends on the bacterial species and is generally
inversely proportionalto the rate of sulfate reduetion (Kaplan, 1983). The sulfurisotopic
composition of pyrite in sediments is dependent on bacterial activity (both on bacterial

species and rate of reduetion) and isotopic composition and availabilityof the startlng
sulfate, and is therefore a good indicator for bacterial activity in sediments. Moreover, it

constrains the time and depth of sulfide preeipitation as it allows a distinetion between

pyrite formation under open-system conditions from formation at depth in the

sediment, where pore-waters are wlthin a closed system. In the latter case, pore-water
sulfate cannot be replenished fast enough by diffusion from the overlying bottom water

forcing the bacteria to use the residual sulfate which becomes progressively enriched in

34S as sulfate reduetion continues (this process is called the reservoir effect). For this

reason, pyrite formed in closed-system environments generally show highly variable

isotopic compositions with up to 40%o variations (e.g. Dinur et al., 1980) whereas, lf
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pyrite is formed under open-system conditions, very negative compositions with little

variations are observed.

The combination of analysis of sulfur isotope composition of pyrite with the

determination of the degree of pyritization (Berner, 1970) and the analysis of the

relations betweenFe, S and organic carbonconcentrationsare used in the next sections

to determine the controls on pyrite formation and sulfur Incorporation In organic
matter.

4.2.2 Results

Total sulfur contents ränge between 2.1 and 10.4% in GBZ black shales and are

generallybelow 0.5% in the carbonate-rlchsamples (App. A, Tab. 4.4). Pyrite is the only
sulphide mineral phase detectable by XRD and is mainly present in the form of

framboids or more rarely as larger euhedral cubes. Other Sulfides (sphalerite and galena)
were observed in some samples but they occur in minor amounts only. Sulfate minerals

are absent. Organic matter is the otherdominant sulfur carrier in the GBZrocks.

Pyrite sulfur contents ränge from 1.4 to 8.6 wt%. Sulfur isotope compositions of the

pyrite ränge between -26.4%o and -29.2%o (CDT) (Tab. 4.4). This ränge corresponds to a

fractionation of 40 to 43%o relative to Middle Triassic sea water sulfate (approximately
14%o (CDT), Claypool et al., 1980) and Is within the normal fractionationränge of

(33-46%o) observed in marine sedimentsundergoingsulfate reduetion (Goldhaber and

Kaplan, 1974).

Organic sulfur contents ränge from 1.8 to 4.5 wt% and account for 17 - 75% of the total

sulfur content of the sediment. The OS/OC ratlos vary between 0.113 and 0.135 and are

very high comparedto the ratio of 0.01 found In living organisms, but lower than the

value of 0.17-0.20 which is considered the Saturationvalue (i.e. maximum S/C ratio) of

marine organicmatter(Bein et al. 1990). The isotopic compositions of the organic sulfur
ränge between -15.9%o and -19.5%o, which is 8.1 to 13.2%oheavier than the co-exlsting
pyrite.
The degree of pyritization (DOPtot). definedby Berner(1970) as the ratio ofpyrite-Fe to

total-Fe (PyFe/TFe). ranges from 0.53 to 0.85. Fe in sediments can be distinguishedInto
two categories: reactlve Fe and non-reactive Fe. The former Is less strongly bound in

minerals and can readily react with H2S to form sulfldes, whereas non-reactive Fe Is

strongly bound In detrital minerals and is not available for sulfide formation. The

degree of pyritization of the reactlve iron (DOPreact). defined as the ratio of pyrite-Fe to

reactive-Fe, ränge from 0.86 to 0.96 (Tab. 4.4) In the GBZ black shales. This indicates that

someof the Fe is present as non-reactiveiron

A cross-plot ofTOC vs total S (Fig. 4.4) shows a positive correlation,whereby most of

the sampleshave a S/OC-ratlo lower than 0.4 corresponding to ratios found in Holocene
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normal marine sediments(Berner and Raiswell, 1984; Raiswell and Berner, 1986). This

relatlonship Is rather unusual as generally sediments deposited under euxinic

conditions plot above this regressionline and do not show a deflnlte correlation between

organiccarbon and sulfur (e.g. Leventhal, 1979). The total Fe vs total S cross-plot in Fig.
4.5 shows a generallypositive correlation. The scatter around the stoichiometrlcpyrite
line indicate that some of the samples have excess sulfurbound to organicmatterwhile
others have excess iron (non-reactive iron and/or low degree of pyritization).

4.2.3 Discussion

4.2.3.1 Controls on pyrite formation

Among the many factors known to influence pyrite formation in sediments, the

presence of sulfate and metabollzable organic matter, the availability of reactlve

(reducible) iron and the presence of anaerobic conditions in the watercolumn are most

important (e.g. Berner, 1984; Berner and Raiswell, 1986). The limiting factors for pyrite
formation are best illustrated by plotting the relativeconcentrations of total S, TOC and

total Fe in a ternarydiagram (Fig. 4.6; Dean andArthur,1989). Organic matter limitation

on pyrite formation in the GBZis unlikely In view of the high TOC and the high hydrogen
indices, which suggest that enough reactlve organic matter was available to support
sulfate reducing bacterial activity. In Fig. 4.6, the GBZ samples scatter along the

stoichiometrlc pyrite line, indicating that Fe availability was probably the limiting
factor for pyrite formation. Thus, only a small fraction of the sulfide produced by
bacterial activitycould be fixed in the sedimentas pyrite. Althoughorganic matterwas
also a sink, mostof the reduced sulfur must have diffused out of the sedimentsinto the

overlying watercolumn.The low total sulfur content of the GBZ sediments (Fig. 4.4) is a

consequenceof the extreme Fe limitation.This Observation is also supported by the high
DOPreact (Table 4.4), which Indicates almost total incorporationof Fe into pyrite. The

highest excess iron (Fig. 4.6) occurs in samplesfrom layers with high carbonate contents

and is probably incorporated in dolomite.

4.2.3.2 Timing of pyriteformation

The S^S values of pyrite in the GBZ black shales (-26 to -29 %o, Tab. 4.4) do not show

much variations and their compositionindicate a fractionationbetween sulfate and

sulfide close to the maximumbiologically-inducedfractionationsobserved in nature

(Claypool and Kaplan, 1974). This indicates that pyrite formed under open system
conditions, where sulfate could be replenlshedby diffusion during pyrite formation.
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Fig. 4.6 Iron-sulfur-organic carbon ternary diagram. Pyrite stoichiometry is

indicatedby the line at S/Fe = 1.15. Note the scatter of the points along the

stoichiometrlcpyrite line, indicating iron limited pyrite formation. The two

samples showing the highest excess Fe are dolomite-rich lithologies.The
excess Fe in these samplesis probably incorporatedin the dolomite lattice.
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Possible scenarios accounting for the observed isotopic signatures are: (1) significant
pyrite was formed in the water column and/or at the sediment-water Interface as is

observed In some recent euxinic environments (e.g. Leventhal. 1983), (2) Pyrite was

formed In the sedimentbut due to the low Sedimentation rate, marine sulfate could be

continuously resupplied to the pore-waters through diffusion, and (3) the available

reactlve iron available was rapidly converted to pyrite during the initial stages of

diagenesis, and the later evolutionof the system is not recorded In the sulfur isotopes
because pyrite did not contlnue to form due to the lack of a reactant. The observed

isotopic signal only reflects a limited time-slice of the evolution of the pore-water
system. In this latter case, the isotopic composition of the pyrite may have been

ultimatelycontrolled by the availabilityof Fe.

It is impossible to distinguishbetween these three options, but the presence of fine

organic matter laminae containing high amounts of pyrite framboids (see section

3.2.1.1) and the presence of pyrite inclusions in the earliest formed dolomite rhombs

indicate that at least part of the pyrite formed very early, possiblyIn the water column
and /or at the sediment-waterInterface. In general, when pyrite forrns in the water

column, no correlation exist between total S and TOC because pyrite formation Is

decoupled from organicmatter degradation.H2S is presentin the water column and there

is no dependence of pyrite formation on organic matter availability. The positive
TOC-total S correlation (Fig. 4.4), together with the progressiveenrichmentin 34S with

increasing DOPreact (Fig. 4.7a), may indicate that as pyrite formation continued in the

sedimentit incorporated a small amount of heaviersulfide produced in the pore-waters.
The facts that 834Som negatively correlates with the DOPreact (Fig. 4.7 b) and that the

fractionation between organic-and pyrite-sulfur substantially decrease with increasing
degree of pyritization (Fig. 4.8) indicate that Fe availabilitynot only can influencethe
sulfur isotopic composition of the pyrite but also that of the organic matter.

4.2.3.3 Sulfurincorporation in GBZ organic matter

The sulfur content of phyto- and Zooplanktonvary from 0.3 to 3.3% dry weight
(Goldhaber and Kaplan, 1974). Sulfur is mainlypresent in the reduced form incorporated
in sulfur-bearingaminoacids (Goldhaber and Kaplan, 1974; Mekhthyeva et al. ,1976).
The increased organic sulfur content of sedimentary organicmatter cannotbe explained
simply by preservation of biochemical organic sulfur Compounds. Concentrationof
these Compounds by preferential preservation is rather unlikelybecause biochemical
sulfur Compoundsare readily degraded during diagenesisdue a lower stability relative to

lipids or aliphatic biopolymers. In addltion, the organic sulfurCompoundsfound in oils

and rock extracts are different from those found in the biosphere (Sinninghe-Damste,
1988). Moreover, assimilative organic sulfur has an isotopic composition similar to that
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of marine sulfate because biological sulfur assimilation occurs without significant
isotopic fractionation (Orr, 1974; Aizenshtat et al. 1984), whereas sulfur present in

sedimentary organic matter often has an isotopic compositionwhich is much more

negativethan the coevalmarine sulfate. Thus, the presence of high amountsof sulfur in

sedimentary organic matter is due to early diagenetic reactionsof the freshly deposited
organic matterwith H2S, elemental sulfur and/or polysulfides, which are produced by
the biological activity of sulfate reducing bacteria in the water column and/or in the

sediment(Tissot and Weite, 1984; Orr, 1978). The key conditionfor the formation ofhigh
sulfurkerogens in marine settings is the lack of reactive iron Compoundswhich would

successfully compete with the organic matter for the incorporationof sulfur.
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Fig. 4.8. Relationshipbetween the degree of pyritization of reactive iron and the sulfur

isotope fractionation between pyrite and organic matter.Note the substantial

decrease in A 34S with increasingdegree of pyritization.

The high organicsulfur content in the GBZorganicmatter Is a consequenceof the low

reactive iron availabilityin the sediments, which probably led to high concentrations of
reducedsulfur species(H2S, polysulphides) in the pore-waters during diagenesis. The

relatively low 834S of the organic matter indicate a high contribution of light sulfur
produced by sulfate reducers. The heavier isotopic composition of the organic matter

compared to the associated pyrite can be attributed to incorporation of assimilative

sulfur with a composition equivalent to the marine sulfate or to incorporation of

polysulfides which could have had a different isotopic composition than the H2S (Dinur
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et al., 1980). The lack of even less negative organicsulfur 834S values could also indicate

that organic mattersulfur incorporationceased before the system became closed to the

Infiltration of fresh sulfate. During early diagenesis of the GBZ, the activity of

methanogenlc bacteria was probably limited by the competlng activity of sulfate

reducing bacteria fed bythe constant presence of diffused sulfateIn the pore-waters.

4.2.4 Summary

The S-Fe-TOC relationshipsand the high DOP indicate that the limiting factor for

pyrite formation In the GBZ was reactive-Fe availability. The absence of isotopically
heavy pyrite indicate that sulfide formation oecurred within an open system In the

presence of abundant sulfate. This may result from pyrite formation in the watercolumn

or in the sediment prior to significant reduetion of sulfate concentrations in the pore

waters. The high organicsulfur content ofthe GBZ black shalesIs a consequenceof the Fe

limitation, because excess sulfide was available for incorporationin organic matter.The

light sulfur isotopic composition of both organic matter and pyrite is a consequence of

Fe-limitation and low Sedimentation rates. Although iron availability limited pyrite
formation, making the Interpretation of its sulfur isotopic composition ambiguousIn
terms of open-systemdiagenesis, the high sulfurconcentrations in organic matter and
its light isotopic composition indicate that sulfate was long available In the pore waters.

This suggests that sulfate reducing bacteria were the most important organisms
responsiblefor organic matterremineralizationin the sedimentswhereas methanogens
were probably absent. Thus, although Iron availability probably limited pyrite
formation, there is no indication of a closure of the system to interaction with the water

column.

4.3 Oxygen and Carbon IsotopeGeochemistryofDolomite

4.3.1 Introduction

Ideal dolomite contains cation planes composed entirely of Ca alternatingwith
planes composed entirely of Mg with a Ca:Mg molar ratio of 1. Ideal dolomite is the

thermodynamicalh/most stable form of dolomite, but is extremely rare In nature. Most

natural dolomites deviate both In composition and crystal structurefrom the ideal form

and are therefore thermodynamicallyless stable. Although Holocene dolomites may
have a Mg:Ca ratio close to 1, they often have only weak and poorly developed x-ray

superstrueturereflections.Dolomites with varying degrees of structuredisorder (Reeder,
1983) and are commonly called "Protodolomltes". Structuraldisordercauses changes In
enthalpy and entropy and thus alters the thermodynamic propertlesof dolomite. For

example, the solubilityconstant of dolomite can vary by Orders of magnitude,dependlng
on the degree of ordering (Carpenter, 1980; Hardie, 1987). In addition to structure
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distortions, deviations from ideal stoichiometry further enhance the solubility of

protodolomites. The instability of the protodolomites formed during early diagenesis
results in a large thermodynamicdrive to undergo spontaneous ordering and to

recrystallizeto a more stable form during burial diagenesis. With these considerationsin

mind, it is evident that any geochemicaland isotopic method used to determine the

origin of dolomite must be used with caution and the effects of reequilibration during
recrystallization of early-formed dolomite must be taken into account.

Trace dement distributions in dolomites have been often used to constrain their

origin. However, because of the inability to precipitate dolomite in the laboratory at

temperatures below 100°C, the partition coefficientsfor the various trace elements at low

temperatures are poorly known. Moreover, recent studies have shown that partitioning
coefficientsof trace elements into carbonates are not only dependenton temperature but

also on crystal growthrate (Land, 1985) and dominant crystal faces where growthoccurs
(Reeder and Grahms, 1987). In this work, trace dement distributions are used only for a

rough estimate of the depositional environment.

Stable isotopes of oxygen and carbon have also been commonlyused to elucidate the

origin of dolomite. Although late diagenetic recrystallization and reequilibration during
burial may alter the original signature, stable isotope geochemistry has proven to be a

reliable tool to characterizethe environmentof dolomite precipltation. Carbon isotopes
are especially useful in organic carbon-rich sedimentsbecausebiochemical degradation
of organic matter through different bacterial species produces large variations in the

carbonisotopic composition of dissolved bicarbonate in the pore-waters and leads to the

precipitation of dolomites with widely varying isotopic compositions (e.g. Irwin et al.

1977; Pisciotto and Mahoney, 1981; Kelts and McKenzie, 1984;Burnsat al., 1988). After

oxygenis consumedfrom the bottom or pore-waters,anoxic sulfate-reducing bacteria are

the main agents of remineralization of organic matter in marine sediments. The

decomposition of organic matter through sulfate reducers produces bicarbonate that is

greatly depletedin 13C, i.e. the bicarbonate carbon isotope composition Is similar to that

of the precursor organic matter. After sulfate is depleted from the pore-waters,
methanogenic bacteria become the dominant organic matter decomposers.The end

products of their metabolism are methane (813C -40 to -60%o) and bicarbonate with

compositions of up to + 20 %o.The sequenceof diagenetic zones and the expected carbon
isotopic composition of dissolvedbicarbonate in the pore-waters of an organic matter-

rich sediment is schematicallydepletedin Fig. 4.9.

Because the size of the carbon pool in carbonate sediments is Orders of magnitude
greaterthan the carbon pool of diagenetic fluids, the carbon isotopic composition of a

carbonate is less sensitive to resetting or alteration during burial diagenesis than any
other geochemical signature. On the other hand, oxygen isotopes are very sensitive to

recrystallization and early diageneticsignatures are often modified during diagenesis
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because oxygenis much moreabundant in the fluidsthan in the rock. For these reasons,

a wide spread in oxygenisotope compositions are often observed in diagenetically altered

rocks, whereby 180-rich compositions are indicative of low precipltation temperatures
and are likely to represent early diagenetic Signals. Only by combining petrographic
observationswith isotopic studies is it possible to evaluate the effectsof late diagenesis
on the isotopic signatures and to constrain temperaturesand fluid composition of the

dolomitizing fluids.

In this section, carbon and oxygen isotope geochemistryof dolomite, apatite and

quartz in the GBZ are presented. These data are used to constrain the environment,

temperature and timing of dolomitization and, together with the petrographic
observations, allow the effects of burial diagenesison the primarygeochemical signature
of the dolomites to be evaluated. Data on the isotope geochemistry of the Salvatoreand

San Giorgio dolomites are included for comparison.The petrographic investigations
(Chapter 3) have shown that there is a correlation between the various cement

generations in the three formations and, therefore, for a complete dolomitizationmodel

to be developed a comparisonis necessary.
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Fig. 4.9 Schematic representation of expected variations in 813C of diagenetic
carbonates in zones of progressive organic matter decay (from Kelts and

McKenzie, 1984).
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4.3.2 Results

4.3.2.1 Dolomitecrystallographyand crystal chemistry

All of the GBZ, San Giorgio and Salvatoredolomites show superstructure reflections

with varying degrees of definition. The degree of ordering, based on the relative

intensities of peak (015) to (110) (Hardy and Tucker, 1988), ranges from 0.6 to 1.0.

Although the late dolomite cements are generallybetter ordered than the early matrix

dolomite, no clear correlation of degree of ordering with carbon and oxygen isotope
composition is observed. The displacement of the (104) peak indicatesa spectrum of

stoichiometries ranging from 48.7 to 54.8 mol%CaC03. Stoichiometry shows no

correlation with either oxygen or carbon isotopic composition.

Non-stoichiometry and lattice imperfections are generallyattributed to the fact that

the dolomites are precipitated as Ca-rich protodolomites and incompletdy recrystallize
to well ordered dolomites (e.g. Burns and Baker, 1987). However, if the dolomites were

primarilyprecipitated as ordered dolomites and not as protodolomites,this could also

indicate that not only the original crystallographic characteristics but also the early
diagenetic geochemical signatures have been preserved and are relativelyunaffected by
later large scale dissolution-reprecipitation processes. Early diagenetic precipltation of

ordered dolomites has been reported in sedimentsoff Baja California (Shimmieldand
Price, 1984), in Kahu Bay Indonesia (Middelburg et al., 1990) and in the Gulf of Mexico

(Batzetal, 1988).
Trace elements in selected samples of different dolomite generations were measured

by AAS. Analysis of Single phases by electron microprobewere attempted, but, as the

concentrations of the trace elements measured are close to the detection limits, no

significant variations could be observed. Ca and Mg concentrations estimated by XRD
indicate a smaller ränge in stoichiometries than those determined by electron

microprobe analysis where concentrations of up to 57 mol% CaC03 were found. The

reason for this difference is unknown.

The average iron content of GBZ dolomites is 0.17 wt%. These low Fe-contents are

typical for dolomites formed in the sulfate reduetion zone, where available Fe is more

readily precipitated as Sulfides,leaving the pore-watersdepletedwith Fe (e.g. Irwin, 1980;
Pisciotto, 1981). The low Fe-content of the dolomites is consistentwith the conclusion

that Fe-limitedpyrite formation oecurred in the GBZ sediments. Only the late cements

showing dark non-luminescingbands in cathodoluminescencehave Fe-concentrations

up to 0.4 wt%.

Manganese contents are low, in the ränge of 199-445 ppm, comparedwith other

organogenic dolomites (e.g. Burns et al.,1988; Burns and Baker, 1987). This is probably
due to the low detrital input and thus a low primaryMn availability in the sediment. Mn

is highly soluble in anoxic pore-waters and if available should be readily incorporated
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into the dolomite lattice. Mn is present in higher concentrations in the late cements. Sr-

contentsränge from 51 to 171 ppm.

4.3.2.2 IsotopegeochemistryofGrenzbitumenzone Dolomites

The carbonand oxygen isotope compositions of the dolomites ofthe GBZare shown in

Fig. 4.10 and are compared with the isotopic compositions of carbonates in the Salvatore

and San Giorgio dolomites and the Meride Limestones in Fig. 4.11. The complete data are

tabulatedin Appendix C.

Carbon isotope compositions of the dolomitesof the GBZränge from -1.4 to to -5.7 %o

and averages -3.4%o (Figs. 4.10 & 4.11). Although profiles across beds show minor

random variations, no consistent trends in carbon isotope composition could be

observed. Multiple measurementsalong and across individual beds show maximum

variations of l%o. The presence of consistentcarbon isotope trends acrossbeds would be

prooffor a concretionaryorigin of a bed (e.g. Kelts and McKenzie, 1984; Irwin, 1981). No
correlation is seen between carbon and oxygen isotopic composition (Fig..4.11)and no

regional variations or trends across the basin occur. Comparison of the GBZ dolomites

with calcites of the Meride Limestone are shown in Fig. 4.10. The carbonisotope ratios of
the calcites in the Meride Limestones, which may retain an isotopic ratio representative
of the precursor carbonate In the GBZ, Indicate that the contribution of isotopically
lighter carbonate from organic matterdiagenesishas produced a maximum depletionof
8.5 %o relativeto the precursor carbonate.
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Fig. 4.10 Carbon versus oxygen isotope compositions of dolomites from the
Grenzbitumenzone.
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Oxygen isotopic compositions of the dolomites ränge from -0.73%o to -6.53 %o and

average -3.2%o. The mostpositive samples correspond to micritic dolomite laminae and

fine grained dolomites, whereas the most negative sample with a value of -6.5%o is a

idiomorphic dolomite cement (Dolomite IV; see Section 3.5.1) partially filling an

ammonite mold. This value can be considered the end-member high temperature
composition of late diagenetic dolomite in the GBZ. The oxygen Isotopic compositions of

the dolomites generally become more negative with increasing grain-size and with

increasing amount of dolomite III cement present in the sample (estimated by
Observation In cathodoluminescencemicroscopy).

4.3.2.3 Isotopegeochemistryof Salvatoredolomite

Carbonisotope composition of the dolomites vary between +2.51 and -0.98%o. (Fig.
4.12). The matrix dolomiteshave a meanvalue of + 1.13%o.the most negativevalues are
from cements (Dolomite IV). Oxygen isotope composition show a wlde scatter ranging
from -2.31 to -9.98 %o, whereby the matrix dolomites ränge between -2%o and -4%oand

the lightervalues are from cements. Fig. 4.13 shows stable isotope trends in dissolution

cavities of the Anisian dolomites from the locality Rossaga. The different dolomite

generations show a consistent depletion In 160 from matrix dolomite to the Internal

sedimentsto the late cements, indicating a progressivetemperature increase and/or an

increasing contribution from meteoric waters. With the exception of one sample, the

oxygen isotope compositions of the Salvatore Dolomite are in the same ränge as those

from the GBZ. These generallynegative isotopic compositions are inconsistentwith the

presence of hypersalineconditionsas postulatedby Zorn (1971).

4.3.2.4 Isotopegeochemistryof San GiorgioDolomiteandMerideLimestone

The carbon and oxygen isotope compositions of dolomites and calcites from the San

GiorgioDolomite and of calcites from the Meride Limestoneare presented in Fig. 4.14.

Carbon isotope compositionsof the calcites vary between +2.86%o and -1.5%o.The

negativevalues are found in samples rieh In organic matter,whereas the positive values
are from samples with no organic matter.This suggests that the negativecompositions
are the result ofthe additionof light organiccarbon-derrved carbonate during diagenesis
and that the compositions around 2%o reflect the primary carbon isotopic composition
of the calcite.

The oxygenisotope compositions of the calcites vary between -2.64%o and -5.2%o.The

highest values are in the ränge Inferred for Middle Triassic marine carbonates (Frisia-
Bruni et al., 1989), whereas the lower values probably represent reequilibration of the

original carbonate with late diageneticfluids. The carbon isotope compositionof the

dolomites vary between 1.8 and -3%o, whereby the values of -3%o are from dolomites
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Fig. 4.12 Carbon versus oxygen isotope compositions of dolomites from the Anisian

platform shallow water dolomites (Plattendolomite, Diplopora Dolomite and
Middle Salvatore Dolomite).
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from organic matter-rich lithologies. The oxygen isotopic compositions of the dolomites

are morevariable (-2.2 to -8.5%o) than the calcitesand show a wider ränge than the GBZ

and Salvatore dolomites. The most negative values are all idiomorphic cements or

saddle dolomite crystals from late cross-cutting veins and representthe latest diagenetic
event recorded in these rocks. All of the dolomite and calcitesfrom partially dolomitized
rocks have very similar oxygen and carbon isotope compositions. This is an indication

that these two minerals are not in isotopic equilibrium because dolomite should be

enriched in 180 by approximately 3%o with respect to coexisting calcite (Clayton et al.

1968, McKenzie, 1981).
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Fig. 4.14 Carbon versus oxygen isotope compositions of dolomites and calcites from
the San Giorgio Dolomite and the Meride Limestone.

4.3.3 Discussion:OriginofGBZ dolomites

4.3.3.1 Controls on the carbon isotopecomposition.

The oxygen content of the bottom waters in a basin is the result of a balance between

advective and diffusive oxygen supply and consumption through organic matter

oxidation. In organic carbon-rich settings with limited circulation, organic matter

oxidation quickly removes oxygen from the pore-waters and/or the bottom waters,

providing ideal conditions for anaerobic bacterial activity. The ecologic succession of

bacteria found in marine anaerobic settings is controlled by the thermodynamic
efficiencyof the microorganismsto liberate energy from the same organic Substrate and
by the presence of electron acceptors (e.g. Claypool and Kaplan, 1974). The large
variationsin carbon isotopic composition of dissolvedbicarbonate observe in organic
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matter-richsediments (Fig. 4.9) potentialry make carbon isotopes a good tool to define

the diagenetic zone inwhich carbonate precipltation oecurred (e.g. Irwin, 1980; Kelts and

McKenzie, 1984; Pisciotto and Mahoney, 1981). The carbon isotope compositionof

diagenetic carbonates, however, is not only dependent on the composition of the

dissolved bicarbonate in the pore-waters but Is also influenced by the carbon isotope

composition and amount of precursor carbonate present in the sediment prior to

lithificationand cementation. The bulk isotopic compositionof the final produet Is,

therefore, the result of mixlng of different pools of carbon with potentially extremely
different Isotopic compositions.

Three explanationsfor the small ränge (-1.4to -5.6%o) In carbon Isotope values of the

GBZ dolomites can be considered. (1) The precursor sediment had a high carbonate

content and the amount of precursor carbonate with a normal marine isotopic

compositionin the sediments was large relative to the amount of isotopically light
bicarbonate derived from sulfate reduetion, added during diagenesis. In this case the

carbon pool would be dominated by the composition of the precursor carbonate and,

therefore, the ränge of the end produet would not be expected to vary greatly. Dolomite
would principally have a replacement origin. (2) Alternatively, the dolomite could have

formed predominantlyas a primary preeipitate at the boundary between the sulfate

reduetion and methanogenesis zones. In this case, the 813C-values of the diagenetic
carbonate would be the result of mixlng an isotopically light bicarbonate produced by
sulfate reducing bacteria and an Isotopically heavy bicarbonate produced by
methanogensis. (3) A third hypothesis is that the dolomite formed by direct precipltation
close to the sediment-water Interface where light carbonate derived from organic matter

degradation is mixed with marine bicarbonate with a compositionof approximately
0%o.

The first hypothesis is favoured because the petrographic evidence of depositional
sedimentary structures, such as gradedbeddings and the presence of layers and laminae

with high lateral continuity (Section 3.2), Indicate the presence of high quantities of

precursor carbonate. Moreover, the lack of Indicators of methanogenesis, as concluded

from sulfur isotope geochemistry (see Section 4.2) and organicgeochemistry (see Chapter
5) indicate that the dolomite precipitated very early within the sulfate reduetion zone.

Moreover, lf a methanogenesis contributionwere present, one would expect to find at

least some samples with positive 81^C-values.Based on these considerations the

stoiehiometry of the dolomitization reaction is tentatively modelled. Chemical

reactionscommonly used to representdolomitizationare listed below.

For direct preeipitation without precursor carbonate:

1) Ca2++ Mg2++ 4 HCO3" = CaMg(C03)2 + 2 H2CO3 (Busenberg and Plummer. 1982).



98

For simple replacementdolomitization:
2) CaC03 + Mg2+= 2 CaMg(C03)2 + Ca2+ (Weyl, 1960).
For combined precipitation-replacementdolomitization:
3a) CaC03 + Mg2+ + 2HCO3"= CaMg(C03)2 + H2CO3 (Bissei and Chillingar, 1958),
or

3b) (2-x) CaC03 + Mg2+ + XHCO32"= CaMg(CC>3)2 + (1- x) Ca2+ +x H+ (Patterson, 1972).

Because the studied dolomites primarily have a replacementorigin, reaction 1 is not

considered further here. Reaction 3b is considered the more appropriate because the

carbon isotopes indicate that a contributionof externally derivedbicarbonate is present.
The stoichiometry of the dolomitizationreaction (3b) can be establlshedwith a simple
mass-balancecalculation using carbon isotope values of the contributingcarbonpools:

513CDolomite= x (513Crc)+ (1 - x) 813CoM,
where:

813Cpc = + 2%o (= isotopic composition of the precursorcarbonate),

813Com = -27 %o (= isotopic composition of CO2 derived from organic matter

degradation).

The ranges of contributions of precursor carbonate calculated with the isotopically
lightest and heavlest samples are 74 to 88 %. The stoichiometry of dolomitizationusing
the average dolomite carbon isotopic composition of -3.4%o would be:

(1.81) CaC03 + Mg2++ 0.19HCO32- = CaMg(C03)2+ (0.81) Ca2+ + 0.19H+

This stoichiometryindicates that the production of 1 mole of dolomite (184 g) requiresat
least0.22 moles (2.6g) oforganiccarbonto be oxidized. On the otherhand, the calculated

stoichiometry indicates that dolomitizationrequired a net Ca-removal.

4.3.3.2 Possible temperatureand compositionofdolomitizing fluids

The determination of temperature, timing and burial depth of dolomite formation

and origin of dolomitizingfluids from oxygen isotope values is always a major problem
in dolomite studies because the oxygen isotopic composition of the water from which

dolomite precipitated is unknown.The slump structures and the petrographic features
described in Chapter 3 clearly indicate a very early diagenetic dolomitizationwithin the

first centimeters to decimeters of uncompacted sediment. Therefore, the oxygen isotopic
compositions of the dolomites should reflect formation at temperatures near the

sediment-water Interface. As no evidence for anomalous salinitles has been found in the

GBZ, it is assumed that the water in the basin had the same composition as average
Triassic seawater (-1.0 %o (SMOW)), the value for an ice-free earth (Shackleton and

Kennett, 1977). Scherrer (1977) determined the oxygenisotopic composition of an Upper
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Triassic aragonite shell to be -2.5%o(PDB). Using these parameters, the ocean

temperature calculated using the aragonite-water paleotemperature equation of

Grossmanand Ku (1981) is 24.7 °C. The data from the calcitesfrom the Meride Limestone

are consistentwith this calculation if only the heaviestvalues, which are probably the

least altered by late diagenesis, are considered.The least negative value determinedis

-2.64 %o and corresponds to a temperature of 24.1 °C. A 8180 of -2.59 was also obtained

for the carbonate in the apatite lattice of a phospatenodule from the GBZ (Table 4.5).

Assuminga water-carbonate fractionation factor similar to that of calcite (e.g. Shemesh

et al., 1988) this corresponds to a temperature of 25 °C. All of these independentlines of

evidence support the assumption that water in the GBZ basin had a normal marine

oxygen isotopic composition of approximately -l%o (SMOW) and that the temperature
was around 25°C. The oxygenisotopic composition of a dolomite in equilibriumwith sea

water with a 8180 = -1 %o (SMOW)and 25 °C temperaturewould be -0.62 %o(PDB)using the
calibration curve of Matthews and Katz (1977).

The least negative oxygen isotopic composition found in the GBZ is -0.76 %o which

corresponds to a temperature of approximately 25 °C and, therefore, Supports the

hypothesis of penecontemporaneous dolomitizationfor at least part of the samples.
However, the ränge of oxygen isotope compositions of the GBZ dolomites is quite large
and needs to be explained. Two possible scenariosare:

1) Because variations in oxygen isotopic composition in one bed are at the most 2%o

and generally smallerthan l%o, the variations seen in the GBZcan be due to fluctuations
in seawater compositionthrough time. These variations could be a consequence of

variations in input of freshwater, changes in the hydrological balance of the basin

(evaporationvs. precipitation) or fluctuationsin the water connection with the open
ocean. 2) The variations in oxygen isotope composition are related to late diagenetic
reequilibration with fluids at higher temperature and/or with mixed seawater-fresh
water fluids whereby the extent of reequilibration was controlled by the porosity left
after the formation of the early diagenetic dolomite II .

The most negative value of -6.5 %o, a dolomite cement (dolomite IV) partially Alling
an ammonitemold, gives a calculated temperatureof 57 °C using a seawater oxygen
isotopic composition of -l%o (SMOW) and using the temperatureequation of Matthews
and Katz (1977). This temperature is in agreementwith the fluid inclusiondata of these

cements, which indicate a precipitation below approximately 60-70 °C (see Chapter 3).
Dolomite IV occurs only in large pores and representsthe last phase of cement observed
in the GBZ, therefore, its isotopic composition is probably representative of the highest
temperaturereached by the diageneticfluids. Dolomite III unfortunately cannot be

separated from dolomite II, therefore, its isotopic composition is unknown. However, the

Observation of varying proportions of dolomite III in different layers support the

hypothesis that the bulk oxygen isotopic composition of the dolomite is controlled by
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variations in proportions of these two dolomite types and selective recrystallization.
This suggests that the preservationof the early diagenetic isotopic Signals is controlled

by the porosity of the individual layers after the formation of dolomite II. The

circulation of late diagenetic fluids was controlled by primary porosity and probably
also Influencedby the presence of the ratherImpermeableblack shale layers.

4.4 Carbonatefluorapatite isotopegeochemistry

4.4.1 Results andDiscussion

4.4.1.1 Carbon isotopes

All of the carbonate fluorapatite (CFA) samples analyzed are nodules from wlthln

dolomite beds, except for sample SB 31 which is from a black shale. Carbonisotopic
compositions ränge from -4.99 to -9.0 %o (PDB), which is comparable or slightly lower
than the values found for the associated dolomites.These values suggest a very early
formation close to the sediment-water Interface where light carbonate of biogenic origin
is mixed with normal marine carbonate. This is in agreement with the petrographic
Observation of differential compactionaround the noduleIn the black shale and with the

presence ofhard phospatenodules in soft sediment deformations.The nodularshape and
the lack of evidence for precursor carbonate indicate that their carbon isotope
composition ls controlled solely by the pore-water carbonate composition and not by the

presence of a precursor carbonate. These interpretations are based on the assumption
that there ls little or no carbon isotope fractionation between total dissolvedcarbonate
and the carbonate ion in the apatite during its Incorporation.

Pore waterS13C-profilesin anoxic marine pore-waters show that dissolvedcarbonate

813C ränge from 0 to -10 %o at depths of less than one meter. Along the Peru Margin
carbon isotope compositions of dissolved carbonate In anoxic sedimentsreach values of
-10%o at a depth less than 10 cm belowthe sediment water Interface (Glenn et al. 1988).
By analogy, a precipitation almost at the water-sediment Interface can be envisionedfor
the GBZ samples.

4.4.1.2. Oxygen isotopes

All GBZ CFA samplesränge from -5.86 to -9.24.%o (PDB) with the exceptionof sample
SB 131, which has an isotopic composition of -2.6 PDB (Tab. 4.5). Due to the lack of

experimental data, the Interpretation of oxygen isotope data of carbonate SubstitutionIn

apatite is very difficult. Glenn et al. (1988)considered the oxygenIsotope data unreliable
for any Interpretation, but, in an extensivestudy of isotopic composition of carbonate

SubstitutionIn apatite,Shemesh et al. (1988) noted a good agreementbetween carbonate
and phospate oxygenisotopecompositionand suggestedthatthese ratios can be used for a
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paleotemperature calculation. Thevalue of -2.6%o In one sample, which is in agreement
with the data from some of the calcites and dolomites, support their conclusion.

However, the wide scatter In 8180-compositionsIn the other samples indicate that

carbonate in apatite is sensitive to later reequilibration with either warmer waters

during diagenesisor to weathering.

Sample % CO2 813C%o (PDB) 8180 %o(PDB)

102P 4.5 -7.89 -8.42

88P 3.7 -6.38 -7.15

131 n.d. -9.50 -2.59

SB 70 3.7 -5.02 -5.89

SB70P 4.2 -4.99 -5.81

102 n.d. -6.75 -5.70

SB31p n.d. -6.95 -9.24

n.d.= not determinable becauseof poor peak definition

Table 4.5 Stable isotopic composition of the carbonate Substitutionin carbonate

fluorapatite nodules.

4.4.1.3 Carbonate Substitutionin the apatite lattice

Carbonate has been shown to Substitute for PO4" in the apatite lattice at

concentrationsof up to 6 % (Glenn et al. 1988, and referencesHierein). The controlson

the amount of CO32" Incorporated by the apatite lattice are still poorly understood.

Variations in CO32"-Substitution have been attributed to temperature variations

(Gulbrandsen, 1970) or to variable pH buffering of the pore-watersdue to the presence or

absence ofcarbonate (McArthur, 1989). Onthe other hand, Glenn et al. (1988) suggestthat
CO32"-Substitution in apatite is proportionalto the In situ carbonate concentrations of

the pore-waters at the time of precipitation and lncreaseswith depth of formation as a

response to carbonate production through suboxic to anoxic organic matter

decomposition.The homogeneous CO3"-concentrationin the studied GBZ samplescould,
therefore, Indicate a common depth of formation.
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4.5 Oxygen isotopegeochemistry ofcherts

4.5.1 Introduction

The formation of a microcrystallinequartz chert from accumulations of siliceous

biogenic opal-A is a diagenetic process involving multiple dissolution-reprecipitation
steps which can take place over a ränge of depths and temperatures (Murata and Randall,

1975; Kastner et al., 1977; Murata et al., 1977). Oxygen isotope compositions of cherts,

therefore, is determinedby the isotopic composition and the temperature of the fluid in

which they formed. Despite these limitations, it has been shown that oxygen isotope
studies in cherts have some potential for the determination of environmental

paleotemperatures (Kolodny and Epstein, 1976; Knauthand Epstein, 1976; Karhu and

Epstein, 1986). The first aim of the measurements in the GBZwas to check if the isotopic
composition of the cherts could give an indication of the water temperatures in the basin

in order to confirm the temperaturesinferred form the analyses of the carbonates.

Moreover, the presence of idiomorphic quartz crystals In ammonite molds offers the

possibility of an independentestimation of the temperaturesand compositionof the

burial diagenetic fluids and to compare these with the temperaturesdeterminedfrom
dolomite cements.

Petrographic observations in the San Giorgio dolomite indicate that chert

lithification predated dolomitization (see Section 3.5.2.2). The oxygen isotope
composition of the cherts should therefore constrain the minimal temperature of

dolomitizationand help Interpret the diagenetic history of this formation.

4.5.2 Results and discussion

Oxygenisotopic compositions and a Short descriptionof each sample measuredare

compiledIn Table 4.6. All samples are composedof microcrystalline quartz, with only
minor chalcedony. The only exception is sample SB 72 which consists of idiomorphic
quartz crystals of up to 1mm length grown by direct precipitation from a fluid In an

ammonitemold . The fine-grainedsamples were chosen because microcrystallinity of
chert is generallytaken as an evidence for limited recrystallization and therefore it is

considered likely that the primary oxygen isotopic compositionis better preserved
(Karhu and Epstein, 1986).

Temperatures of formation can be calculatedwith the formula of Karhu and Epstein
(1986):

8180(Si02-H20)= 3.24 x 106/T2 - 2.26.

Assuming a water composition of -l%o (SMOW), a temperature ränge between56 and60°C

is determined for the GBZ samples, whereas for the San Giorgio dolomites a temperature
ränge of 46 to 54°C is found.The high calculatedtemperatures indicate thatthe isotopic
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composition of the cherts do not reflect depositional temperatures but are purely
diagenetic Signals. The temperaturescalculatedfor the GBZ samples are in agreement
with the maximumtemperaturesdetermined on the dolomite IV cements lf a water

composition of -l%o is assumed. This may indicate that the chert layers in the black

shales were reequilibrated and possibly recrystallized at temperaturesof around 60°C,

approximatelycontemporaneous with the precipitation of the idiomorphic quartz
crystals in the ammonite mold.

Tab. 4.6 Oxygen isotope composition of chertsfrom the GBZ and San GiorgioDolomite.

Observations

Biogenic chert layer in black shale, layer 62, GBZ

Biogenic chert layer in black shale, layer 56, GBZ

Idiomorphic quartz in ammonite mold, layer 146, GBZ
Chert layer in bed 200, San Giorgio Dolomite.

Chert layer, brittly deformed, San GiorgioDolomite.
Chert layer, brittly deformed, San Giorgio Dolomite.

Quartznodule, San Giorgio Dolomite.

The temperaturescalculated for the cherts in the San Giorgio dolomite are also

consistent with precipitation and/or reequilibration at relatively high temperatures
and/or from a fluid with a meteoric component. Surprisingly, lower temperatures (36 to

40°C, calculatedfor samples SB4 and SB6) were determinedfrom the oxygen isotopic
composition of the dolomites coexisting with these cherts if the same fluid composition
is assumed. This contradicts petrographic observations which indicate that chert

induration predates dolomitization. A possible explanation for this inconsistency is

that the chertswere transformed to opal-CT then slumped (opal-CTcherts are brittle) and
later recrystallized to microcrystalline quartz in equilibriumwith late diageneticfluids.
Alternatively, the difference in composition between the cherts and the dolomites may
reflect equilibration with different diagenetic fluids.

4.6 Summary

Early diageneticgeochemicalSignals are well preserved in the GBZ. Stable isotope
compositions of the dolomites in the GBZ confirm the petrographic observations

indicating an early diagenetic dolomitization and lithification. The main amount of
dolomite probably formed close to the sediment-water Interface in the sulfate reduetion

Sample 818O%0
(SMOW)

SB94 26.4

SB 96 26.6

SB 72 25.9

SB75 26.6

SB 4 27.1

SB 6 27.7

QN1 28.6
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zone of organic matter diagenesis. Dolomite ls mainly of replacement origin. The
variations observed in oxygen isotope compositions of the dolomites are produced by
burialdiagenetic recrystallization and/or precipitation of minor quantities of cements

from diagenetic fluids at approximately 60-70°C. The circulation of the burial fluids and

the extent of reequilibration was controlled by the porosity left by the early diagenetic
dolomite formation.

The presence of breccias with angular dolomite clasts together with other

petrographic evidence discussed by Zorn (1971) indicate that dolomitization in the

Salvatore Dolomite can be considered to be early diagenetic. The stable isotope
composition of the dolomites confirm this hypothesis and Indicate that the dolomites

were produced by fluids of normal marine salinlty or fluids with a small meteoric water

component.The correlation of cement cathodoluminescencestratigraphyin the GBZand

Salvatore dolomite indicate that both these formations were partlally reequilibrated at

highertemperatures during late diagenesisby the samefluids.
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CHAPTER5

ORGANIC GEOCHEMISTRY

5.1 Introduction

With organic geochemicaland petrological studies, the type and amount of organic
matter, the petroleum potential and the maturity level of a source rock can be

characterized. In addition, with help of molecularmarkers, Information pertaining to

depositional environment, early diagenetic conditions and organic matterinput can be

evaluated. Several recent studies involving petroleum source rocks have shown that

variations in both bulk and molecular parameters are very sensitive to changes in

depositional environment(e.g. Eh, pH conditions) and/or organic matter Input (Curiale
and Odermatt, 1989; Moldowan et al., 1986). The Integration of organic geochemical
tracers with inorganicgeochemical parameters (Chapter 4) can, therefore, improve our

understandingof the depositional conditionsand diagenetic evolutionof a source rock.

Althoughthe GBZ has interested organicgeochemists for over 40 years, no systematic
organic geochemical study has previously been carried out. Most of the work has

concentrated on the isolation and characterizationof the porphyrins (Blumer, 1950;
Thomas and Blumer, 1964; Blumer and Omenn, 1961; Blumer and Snyder, 1966;
Chicarelliand Maxwell, 1984; Chicarelliet al., 1984, 1990; Wolff et al., 1983, 1984). These
studies show that bitumens of the black shales contain between 0.15 and 0.58% VO-

porphyrin complexes (Blumer 1950), mostly as V02+-DPEP (=deoxophylloerythroetio-
porphyrin),with a ratio DPEP/ETIO-porphyrins of 4.9. (Thomas and Blumer, 1964).
Most of the porphyrins were derived from Chlorophylla, with a 3 to 5% contributionof
derivatesfrom Chlorophyll b, but porphyrins with no known biologic precursor have
also been recognized.Chlorophyll,the main precursor of phorphyrinsin sedimentary
organicmatter,is readily decomposed in oxygenated waters (Baker and Louda, 1986). The

presence of high concentrations of porphyrins in the GBZ is, therefore, indicative of a

short residencetime of the dead plant materialin oxygenated waters.The distribution of

hopanoids in one GBZ sample was studied by McEvoy and Giger (1986). Theyobserved
that the organic matterin the GBZ contains extremely high concentrations of hopanes
and methylhopanes and concludedthat the organic matter of the GBZ contains a high
bacterial contribution, specifically, from cyanobacteria and/or methylotrophs.

The first objective of this organic geochemical study is to characterizethe source of

the organic matter, the petroleum potential of the GBZ and, with the analysis of

maturity-sensitivebiomarkers, to constrain the maximum burialtemperaturereached

by the GBZ. By using samples from different lithologiesand TOC-contentfrom a closely
spaced profile, we exclude maturationas a cause for the variations observed. This gives
us the possibilityto evaluate the changes in biomarkerparametersin terms of primary
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Input or environmentalvariations. This, moreover, allows the reliability of different

molecular maturity parameters to be assessed. Furthermore, to determine lateral

variations in the organic facies, samples from Monte S. Giorgio (Mirigioli; samples MI of

the Standard profile, Fig. 3.1) and Besano (sample BE) were studied.

5J2 Organic Petrology

5.2.1 Results

The composition and distribution of organicmatter in the GBZsediments was studied

using smear slides prepared from kerogenIsolated from the rock with the Standard HC1-

HF dissolution technique (Durand, 1980). Using transmitted light the optical
determination of the kerogenin smear slides ls difficult becausethe presence of organic
matter as thick opaque aggregates often hindere the recognltionof organic structures.

The kerogen is dominated by amorphous organic matter (AOM) and herbaceous

fragments with subordinate pollen and spores (CHF) (Fig. 5.1, Tab. 5.1). Woodyfragments
(CWF) are minor. Tasmanites and other undetermlned algae are relativelycommon. No

significant variations in the palynofaciesamong samples from different lithologies and
outcrops withinthe basin exist.

Vitrinlte reflectance is In the ränge Ro = 0.23 - 0.35% (Tab. 5.1) and liptinitic organic
matterhas a yellowfluorescencecolor (Fig. 5.1), which indicate a low degree ofthermal

maturation. The organic matter ls often non-fluorescent or becomes fluorescentonly
after prolonged exposure (20-30 minutes) to UV-light. The only notable difference in

organic mattercharacter among the different lithologiesls a strenger fluorescenceseen
In the carbonate-richlithologies. The black shales are mostlynon-fluorescentexcept for

sporadic algal remains. The upper part of the section shows a decrease In woodymaterial
input and the amorphousorganic mattershows a better fluorescencethan In the lower

part.

5.2.2 Discussion

The vitrinlte reflectance values are probably underestimated becausethey are too low

compared to to the other maturity parameters (See below). Moreover, vitrinite-

reflectance measurements in these ranges of maturity are considered unreliable

(Kaikreuth,pers. comm. 1989). The causes for the non-fluorescence of the amorphous
organic matterin the lower part of the section (samples 48 to 115) remain puzzllng. The

fact that fluorescenceis generallybetter developed In the organic carbon-poor dolomitic

lithologies than in the black shales, which were deposited much slower than the

dolomites,could suggest that the non-fluorescencemay have been caused by extensive

syndepositional alteration due to bacterial activity. Based on the organic geochemical
data, e.g. high hydrogen index, low oxygenindex and n-alkane distribution, this amor-
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Table 5.1 Kerogen composition and maturity

Layer No. AOM CHF CWF RQ % n

48 40

56 55

80 60

84 50

95 45

97 50

101 50

110 55

113 50

115 55

122 55

132 60

135 60

40

30

20

30

30

25

30

30

30

30

35

30

30

20 0.331 9

15 — —

20 0.270 20

20 -- --

25 0.237 13

25 0.341 22

20 0.305 22

15 0.292 18

20 0.323 20

15 0.325 18

10 — --

10 0.333 20

10 0.350 10

AOM= amorphous organicmatter
CHF = contlnentalherbaceousfragments
CWF = continentalwoodyfragments
R o % = vitrinite reflectance in oil

n = number of reflectance measurements

phous organicmatter cannot be derived from either sapropelizedhigher plant debrisor

extensive oxidation of marine organic matter unless bacterial activity has completely
destroyed the biomarkersIndicative of higher plant input.

The fluorescenceof organic materials is controlled by the presence of double bonds

C=C (Stach, 1969). Bertrandet al. (1986) attribute the phenomenon of fluorescenceto

aromatic molecules of unknown structure which they called chromophores. In an

experimental study, they demonstratedthat fluorescence is controlled not only by the

presence of chromophores but also by their concentration.If their concentration is too

high a quenching effect can occur. Fluorescence normally disappears only at

coalificationranks corresponding to a vitrinite reflectance of 1.3 to 1.5% (Stach, 1969).
Therefore,the absence of fluorescencein these samples is not due to a high degree of

maturity, but may be caused by the lack of chromophores, as suggested by the

predominantlyaliphatic character of the bonds in the kerogen seen in infrared spectra
(Premovicet al., 1986), or by a quenchingeffect due to someunknown factor.
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S3 Rock-EvalPyrolysis

5.3.1 Definitionof parameters

Before discussingthe results of the Rock-Eval pyrolysis studies, compiled In Table 5.2,
a short definition of each parameterare brieflysummarized here:

SI: The amount of free hydrocarbons volatilized during 3.5 minutes at 300°C,
expressedin mg HC/g ofrock.

S2: The amount of hydrocarbonsreleasedby Cracking of the kerogen between 300°

and 550°C, expressedIn mg HC/g ofrock.

S3: amountof CO2 releasedby the Cracking of kerogenat temperatures between 300

and 390°C, expressedin mg CO2/g of rock

Tmax.: Pyrolysis temperaturewhere maximumhydrocarbon production takes place.
This temperature is dependenton the maturationlevel ofthe kerogen.

Hydrogen index (HO: An approximation of the hydrogen content of the kerogen
(Espitalie, 1977), defined as the value of S2 normalized to TOC content and

expressedin mgHC/g ofTOC.

Oxygen index (OO: An approximation of the oxygen content of the kerogen
(Espitalie, 1977). defined as the value of S3 normalized to TOC content and

expressedin mg CO2 /g ofTOC.

Production index (PI): The ratio S1/S1+S2 and represents the proportlon of free

hydrocarbonsin relation to the total amount of hydrocarbonsproduced. It is

dependent on the maturation and can be used as an Indicationof migration
(Espitalie, 1977).

5.3.2 Results

The GBZ samples can be divided into two groups (Fig. 5.2, Tab. 5.2). One group is

characterizedby TOC < 1% with hydrogen Indlces (HI) which vary between 36 and 400

and oxygenindices (Ol) scattering between20 and 250. The secondgroupls characterized

byTOC > 1% with HI varying between 400 and 600, and In a few cases higher than 700,
and a small ränge of Ol between 7 and 50. Samples with low TOC contents always
correspond to dolomite beds.

All samples are immature as Indlcatedby a Tmax < 430°C. In a Tmax/Hl diagram (Fig.
5.3) the samplesplot below the empirically determined Rq= 0.5, which ls generally con¬

sidered to represent the beginning of the oil wlndow (Tissot and Weite, 1984). The low

production index (ränge 0.02-0.1) confirm the low maturationand indicate that the hy¬
drocarbonspresent in the rocks are indigenous.Comparison of samples from the differ¬

ent locations in the basin (P.902, Cave di Besano, Val Nembra) show thatpreservationof
the organicmatter was excellent, even at the margins of the basin, and that there are no

significant lateral variations in organicmattertype or quality across the basin.
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Two alternative explanationsfor the Variation in HI can be considered.The generally
lower HI of the TOC-poor samples, togetherwith the higher oxygenindices, could indicate

that the depositional or early diagenetic conditions were less reducing during the

depositionof the dolomite-richlayers, leadingto a relativelygreaterdegree of oxidation

of the deposited organic matter and thus to higher OM consumption and degradation in

the oxic zone. As a result, the variations observed could representvariations in oxygen

content of the bottom waters or shifts in the location of the oxlc-anoxicInterface in the

water column and/or in the sediments.

On the other hand, the mineral matrix, especially in organic matter-poor rocks, can

have an important effect on the parametersmeasured during pyrolysis (e.g. Espitalie et

al., 1985). Particularly clays, due to their highly reactive surface, can retain the

hydrocarbonsproduced from the cracking of the kerogenthroughabsorption depressing
the S2-value.This leads to the deterrnination of anomalouslylow hydrogenindices. This

is especially the case for sample MI 84 which is a volcanic ash composedprincipally of

clay minerals. Othermatrix effects, such as thermal decomposition of carbonates which

produces CO2, can result in anomalouslyhigh oxygen indices (Espitalie et al., 1985) and

could account for the high Ol in the carbonate-rich,organic carbon-poor samples. The

effect of the mineral matrix as a causefor the variations in Hl and Ol is also supported by
the higher y-lntercept of the regressioncurve on a S2 vs TOC diagram for samples with

TOC < 2% (Fig. 5.5), compared with samples with higher TOC contents (Fig. 5.4) (see
discussion below).

5.3.3 Discussion kerogentype and organic matterpreservation

Van Krevelen-type HI vs. Ol diagrams, such as Fig. 5.2, are commonly used to

determine organic matter type and to draw conclusions about variations in preservation
of organic matter,but often the possible influence of the mineral matrix on HI- and OI-

determination are ignored. As indicatedabove, problemswith the measurementof Rock

Eval parameterscan produce an artificial scatter in HI vs. Ol diagrams. Moreover, at

maturity levels above aboutRq = 0.5, the evolution pathsfor organicmatter of type I and

II converge, makingtheir distinction on such diagrams impossible. The Classification of

organic matterbased on a S2 vs. TOC diagrams recently introduced by Langford and

Blanc-Valleron (1990) helps to eliminate these problems and is applied in this study
(Figs. 5.4 and 5.5).

In the Hl vs. Ol diagram (Fig.5.2), the samples showconsiderable scatter,whereas in

the S2 vs. TOC diagram (Figs. 5.4 and 5.5) a linear regressionline with a high degree of

correlation is seen. This indicates a very coherent,similar organic mattersource for all

samples, which is independentof the location in the basin or organic matter content.

The regressionline has a slope close to that of the boundary between type I and type II
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organic matter, indicating either a mixlngof kerogen type I and II or a hydrocarbon-rich
variety of kerogen type IL The slope of the regressionline gives a meanHI of 536 mg HC/g
of rock, which is defined as ten times the slope of the regression line (Langford and

Blanc-Valleron, 1990), and shows that about 54% of the organic matter is formed by
pyrolyzable hydrocarbons.
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Fig. 5.3 Tmax/HI diagram. Lines delimit the fields of organic matter of type I. II,
and III respectively, arrows indicate maturationpaths. The line marked
Ro= 0.5 is the vitrinite Iso-reflectance of 0.5 and marksthe onset of the oil
window.

The y-intercept of the regression line on a TOC vs. S2 diagram is a measure of the

adsorption potential of the rock matrix. Theoretically, the intercept should be zero

because even the smallest amount of kerogen shouldproduce some hydrocarbons. The

organiccarbon poor rocks have a y-intercept of -1.23 (Fig. 5.5) in contrastto -0.2 (which
consideringthe experimental error can be considered equal to 0) in organiccarbon rieh
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117

samples (Fig. 5.4), corresponding to adsorptlon potentlals of 1.23 and 0.2 mgHC/ g of

rock, respectively. This indicates thatthe lower hydrogenindex measured in the organic
carbonpoor samples is mainly due to a matrix effect and not to the poorer quality of the

organic matter. If a correction for the matrix absorption effect is applied, an average HI

of 536 is foundfor all the samples. The correctedhydrogenIndexes are thus constant for

all of the samples and Indicate that the concentration of organic matter does not reflect

variations in degree of preservation,but rather is controlledby differing amounts of

carbonate which diluted a constant organicmatter input.

5.3.4 Petroleumpotential

Petroleum potential, definedas the sum of free plus pyrolyzable hydrocarbons, ranges
between 2 kg HC/tonof rock for dolomiteswith TOCof 0.5%to 220 kg HC/tonofrock for

some of the black shales (Tab. 5.2). Espitalie et al. (1985) recommendthat rocks having
more than 5 to 10mg HC/g of rock be considered as good to very good source rocks,

respectively.Most ofthe GBZ samplescan thusbe consideredvery good source rocks.

The totalsource potential ofthe GBZcan be estimated assuming that it contains 2.3m

of black shales, with an average hydrocarbonpotential of 130 kg HC/ton of rock and a

mean specific weight of 1.7 tons/m3 (Rickenbach, 1947), and 10 m of dolomites with an

average potential of 13 kg HC/ton rock and a mean specific weight of 2.5 tons/m3. The

calculatedtotal potential of 330 000 tons HC km"2which ls equivalentto about 2.4xl06
barreis of oil /km2 is good. If the extension of the GBZ towards the south were

comparable with that inferred for the Meride Limestones (Pieri and Mattavelli, 1984),
the GBZmay have been the source rock or a least a co-source for the Gaggianooil in the

northern Po Piain. This possibility is also supportedby the geochemical characteristics

of the Gaggiano oils (Riva et al, 1986) which are very similar to those of the rock extracts

ofthe GBZ.

5.4 Gas Chromatography - MassSpectrometryStudies

5.4.1 Introduction

In the previoussections bulk parametersof the total organicmatter were discussed.In

this section only the compositionof the rock extracts, which represent only a small

fraction of the total organic matter, is considered.The discussion will first concentrate

on the significance of the distribution of the different extractable hydrocarbon families

(saturated and aromatic hydrocarbonsand polar NSOCompounds).The following section

then presents and discusses a set of biomarker-parameterratios which are used to

characterizethe source and the maturity level of the organic matter. These ratios were

chosen because they are widely used in organic geochemistry and allow a comparison
with literature data to be made. Biomarkers are geopolymerswhich are formed during
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diagenesis of organic matter from biological Compounds. For many biomarkers the

precursor molecules and the diageneticpathways of formation are falrly well known,

however, because the precursor molecules for each biomarkerare often found in many

different organisms, the significance of each individual parameteris often ambiguous.
Only the study of multiple parametersenables a correct Interpretation. Because of this,

each biomarker ratio will first be discussed individually and then the possible
lnterpretationsare considered in detail. Because many of these ratios are seen to

correlate with stable isotopic composition of organic carbon a comprehensive
Interpretationwill be given after the Isotope geochemistryof the organic matter ls

discussed.

The distribution of the different hydrocarbonfamilies together with some molecular

parametersof the n-alcanes and the Isoprenoidhydrocarbonsare summarized In Table

5.3. Total ion current chromatograms and chromatograms for hopanes (m/z 191.2) and

steranes (m/z 217.2 and 218.2) of two representative samples are presented in Fig. 5.6.

The chromatograms of the entire sample set can be found In Appendix D. Biomarker

parameter ratios are tabulated in Tab. 5.4. Samples labeled MI are from the outcrop
Mirigioli. Unpublisheddata on samples from the Besano Mine (samples RC) were kindly
provided by AGIP, Milano and are included for comparison.

5.4.2 Compositionofthe extracts

The extract/TOCratio distinguishessamples MI153, RC 2057 and RC 2062 from all

other samples because the former samples have a very low percent of extractables. The

relatively low EXT/TOC ratio suggests an Indigenous origin for the hydrocarbons,
although a minor migration from nearby layers ls suggested by the sporadic presence of

bitumen staining in some layers with high porosity. The distribution of the fractions

extracted is dominated by polar NSO Compounds (resins and asphaltenes),which is

typical for low maturity carbonate source rocks. The samples from the upper part of the

profile (MI 155, 162, 226) have a lower percentage of NSO Compounds. This may be the

result of a lower bacterial contribution(Williams, 1984).

5.4.3 Saturated Hydrocarbons

Saturated hydrocarbons represent between 2.3 and 36 % of the extractables. The

analyzed samplescan be divided into two groups. The firstgroup, comprising layers 52 to

136, is characterizedby a low proportion of saturate hydrocarbonsrelative to the total

extracts (Tab. 5.3) and by a high abundance of steraneandterpane biomarkers(Fig. 5.6 b
& App. D). The second group (layers 153 to 226) In the higher part of the section ls

characterized by a high proportion of saturated hydrocarbonsrelative to the the total

extracts and bya lower relative concentration of steranes and hopanes. All samples from
the lower part of the section, independent of lithology or TOC content, show a
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similar distribution of the different families of saturated hydrocarbons(Fig. 5.6 & App.

D) with only relatively minor variations. The high content of hopanes (bacterial input)
relative to steranes (algal input) is a characteristic common to most of the samples.

Hopanes are present in some of the samples at up to an order of magnitude greater
concentrationsthan steranes.

5.4.3.1 Normalalkanes and isoprenoid hydrocarbons

The n-aüccmesshow a Hat distribution with no even/odd predominance and a low

proportion of long chain n-alkanes (Fig. 5.6 & App. D). Samples overlyingMI153 are

different from those from the lower part of the section in that they have a better defined

maximum at n-C20 to n-C21. This distributionis characteristic of autochthonous

marine organic matter derived mainly from phytoplanktonand bacteria (e.g Tissotand

Weite,1984). The low abundance of long chain n-alkanes with more than 25 C-atoms is

indicative of very low terrigenous Input. This contradicts palynological data which

suggest a significant input of herbaceousmaterial, however, palynological data are not

as quantitative as GC-MS data.

Pristane/Phytone (Pr/Ph) ratios show a wlde scatter between 0.76 and 1.26 (Tab. 5.3)

and surprisingly correlate positively with TOC contents (Fig. 5.7). Brooks et al. (1969)

suggested that this ratio could representa measure of the intensity ofreducing conditions

during Sedimentation and early diagenesisbecausethese Compoundswere considered to

be pure diagenetic products.Data from Dydlck et al. (1978), a comparatrve studyof black

shale samples of different ages and from different locations, confirmed this

Interpretation. They found decreasing Pr/Ph ratios with the increasing preservation of

OM, which ls opposite to the relationshipfound in the GBZ. The rationale for their

interpretation is that In reducing diagenetic environments, reducing diagenetic
pathways will prevail over oxldative ones. The precursor isoprenoid phytol, which is

presumedto be liberated by hydrolysisfrom Chlorophyllduring very early diagenesis,
may be transformed through a series of defunctionalizationreactionsto phytane if the

prevailing conditionsare reducing. On the other hand, lf conditionsare oxldizing, it will

be transformed to pristane via decarboxylation of an intermediate carboxylic aeid

(Dydick et al. 1978, and references therein).
The foundations of the above Interpretation of the Pr/Ph ratios have been weakened

by the recent discovery of an other possible pristane precursor, tocopherol In

phytoplankton(Risatti et al., 1983; Volkmann and Maxwell, 1986), by the detectionof

pristane and pristenesin Zooplankton (Blumerand Snyder, 1965), and by the discovery
of phytane in some groups of archeobacteria,especially halophiles and methanogens.
Based on these considerations, as polnted out by ten Haven et al. (1987), the use of the

Pr/Ph ratio as an indicator of reducing conditionsmust be regarded with cautlon. In fact,
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it is quite surprisingthatthe GBZ samplesdo not show a lower Pr/Ph ratio (e.g the ränge
for comparable highly anoxic sedimentsis 0.2-0.6; Dydick et al., 1978) consideringthe

high content of oil prone OM, the high vanadiumporphyrin content (Blumer, 1950) and

the high sulfur content, all of which are indications of highly anoxic conditions.

Moreover, in view of the very low Sedimentation rate (on the order of a few meters per
million years), the bottom waters must have been permanenth/highlyanoxic in order to

preservethe large amounts of OM (up to 41%TOC) found in the GBZ sediments. It ls more

likely that the observed Pr/Ph ratio in the GBZwas at least partly controlled by the OM
input and, thus, does not reflect moderately anoxic conditions.
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Fig. 5.7 Pr/Ph ratio vs. TOC (wt%). Note the Increase In Pr/Ph ratio with

increasingtotal organic carbon content.

If phytane can be derived from lipids of methanogenic and halophilic bacteria, the

relativelyhigh Pr/Ph ratios may be interpreted as a reducedinput of phytane due to low

activity of methanogens during early diagenesisor to the lack of hypersaline conditions.
On the other hand, a high input of pristane from algae and/or Zooplankton (Brassel et al.,
1978) could also increase the ratio. Methanogens can compete effectivery with the more

energy efficient sulfate-reducingbacteria only when the sulfate content in the pore
waters is completely depleted (e.g. Raiswell, 1988; Boudreauand Westrich, 1984). As

mentioned previously, the carbon isotope compositions of the dolomites and the sulfur

isotope compositions of pyrite in the black shales indicate that much of the diagenesis
oecurred close to the sediment-water Interface in a relativelyopen system where sulfate

ionshad moreor less free diffusional access to the pore waters.The presence of sulfate in

the pore waters would have inhibited the activity of methanogenic bacteriain the early
diagenetic stage producing a relatively high Pr/Ph ratio. In addition, squalane and
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2,6,10,15,19-pentamethyleicosane are considered good indicators of methanogenic
activity as they are abundant In sedimentswhere high concentrations of methane or

methanogenic bacteria have been found (Brassel et al., 1981). The absence of these

components in all samples is furtherindication of a lack of methanogenesisin the GBZ

sediments.

Pristane/n-Cl7 (Pr/n-Cl 7) ratiosvary between 1.97 and 0.73. The use ofthis ratio as a

paleoenvironmental indicatorwas first proposed by Lijmbach (1975) who suggested a

subdivision of depositional environments In three main groups: peat-swamp (Pr/n-
C17 > 1.0); fluviomarine,coastalswamp (0.5 < Pr/n-C17 < 1.0) and marine, freshwater

or bracktsh aquatic (Pr/n-Cl7 < 0.5). More recent studies, however, have shown thatthis

ratio, at least in type III kerogens, can be influenced by factors other than the

depositional environment(e.g. Leythauser and Schwarzkopf, 1986). These Influencesare

discussed separatelybelow in light of the ratherwide scatter and high Pr/n-Cl7 ratios

measured in theGBZ sediments.

1) Maturity: Leythauser and Schwarzkopf(1986) have shown thatmaturity producesa
decrease In both Pr/n-C17 and Ph/n-C18ratios, and that these reach values below 1.0

over most of the oil window, which corresponds to the peak production time of liquid
hydrocarbonsduring catagenesis. The high values found in most of the samples are thus

a further indication of the low maturity degree of the GBZ rocks (Connan and Cassou,

1980). Considering the small vertical dlstance between the studied samples, it is

impossible that the observed variations are due to different maturity levels, therefore,
otherfactors mustbe taken into account to explainthe scatter in the GBZratios .

2) Hydrocarbon expulsion:In source rocks intervals with homogeneouskerogentype
and equivalentmaturationlevel, the Pr/n-Cl7 ratio tends to Increase with increasing
hydrocarbonexpulsion (Leythauserand Schwarzkopf, 1986). In the GBZsamplesthere is

no correlation between amountof hydrocarbonsproduced(EXT/TOCratio) and Pr/n-Cl7
ratio. This suggests that, in the GBZ, differences in HC production do not influencethe

ratio in different samples.
3) Depositional environment:Organic matter deposited under terrestrial oxldizing

conditions tend to produce hydrocarbonswith high Pr/n-Cl7 ratios, whereas marine

source rocks, with predominantly planktonlc material deposited under reducing
conditions,yield hydrocarbons with low ratios (Leythauser and Schwarzkopf, 1986).
Pratt et al. (1986) have shown that in alternating laminated and bioturbated layers of

Cretaceousblack shales, bioturbation produces a decrease In both the Pr/n-Cl7 and

Ph/n-C18ratios corxfircriing their possible use as Indicators of oxldlzing conditions.

The complete lack of correlation betweenTOC and Pr/n-Cl7 ratio and the fact that all

the GBZ samples are derivedfrom non-bioturbated laminated rocks containlng organic
matterwith a comparable degree of preservation(similar HI) suggest that the scatter of
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this ratio is probably principally dependent on small variations in the organic matter
source and/or on the extentof bacterial activity.

4) Organic mattersource: In the study of modern lake sediments. Giger et al. (1980),
and Hollander (1989) have used the Pr/n-Cl7 ratio as an Indicator of the relative

contributionof phytoplankton(n-C17) and archeobacteria (pristane) and found a good
correlation between this ratio, TOC contents, and the historical record of productivity,
where times of high algal productivity produce a decrease in the ratio. The high content

of pristane relative to the n-alkane can therefore be an Indication for a high bacterial

contributionto the total organicmatter in the GBZsediments.

The Phytane/n-C18 (Ph/n-C18) ratios of the GBZ sedimentsränge between 0.49 and

2.24 and show a very good correlation with Pr/n-C17 ratios, indicating similar controls

on the relative proportion of all these Compounds.
The R22 parameter,defined as 2 x (n-C22)/(n-C23+ n-C21) (tenHaven et al. 1985) has a

value of 1.1 or less in all GBZ samples.Ten Havenet al. (1988) have shownthat the value

of R22 is higher than 1.5 in source rock extracts or oils derrvedfrom hypersalinesettings
and therefore suggested that this parametercan be used as a evidence for hypersalinlty.
The low R22 values found in the GBZ samples are in agreementwith other observations

thathypersalineconditionsdid not occur In the GBZ basin.

5.4.3.2 Terpenoids (hopanes,steranes)

Steranes are geolipids derived from the biosyntheticprecursors sterols and stanols

through complex diagenetic reactions. An excellent revlew of the pathways of sterol

diagenesis and their stereochemical evolution during catagenesis can be found In

MacKenzie et al. (1982). Sterols are absent in prokariotic organisms except for two

bacterial species (Ourisson et al., 1987). Although their diagenetic evolution can be

influenced by bacterial activity and by the mineral matrix present In the sediments

(MacKenzie, 1984), their abundanceis mainly controlledby the input of eukaryotic
biomass. Hopanoids, on the other hand, are derivatives of hopane which is an important
constituent of bacterial membranes, and are therefore good Indicators of bacterial

activity in the water column and/or in the sediment. Hopanoids In prokaryotes and

sterols in eukaryotes represent only a small part of the total organism (0.1-2 mg g-1 dry
weight, Ourisson et al., 1987). However, because of their cyclic and often branched

structure, they are not easily biodegradable and have a high preservation potential in

sediments. Hopanoids have been found in most cyanobacteria, methylotrophs and
various gram-positive and gram-negative bacteria but have never been found In strict

anaerobes, archeabacteriaand purple sulfur bacteria (Ourisson et al., 1987). The presence
and distribution of hopanes In sediments and oils deposited in basins under

permanently anoxic conditions (as in the Grenzbitumenzone) reflect the mlcrobial
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processes that were actfve in the water columnat the oxlc-anoxlcInterface rather than

processes occurringin the sedimentafter deposition.
In this study wewill concentrateon the most abundant hopanes; the reader is referred

to McEvoy and Giger (1986) for a füll description of the hopane distribution of a sample
from layer 117. A number of conventional biomarker ratios which reflect maturation

and source differenceshave been calculated from the sterane and hopane mass

fragmentograms. These parameters are listed in Table 5.4 and discussed below.

5.4.3.2.1 Maturityparameters

The Ts/Tm ratlos of the GBZ samples ränge from 0.06 to 0.28 and are characteristic

for immature rocks which have not reached the oil wlndow (Seifert and Moldowan,

1978). Ts (= 18 a(H)-trisnorneohopane) is a source parameter and is not affected by
maturity changes. Although its mode of formation is unknown, its structure requires
formation during the earliest stages of diagenesis rather than through maturation

(Seifert and Moldowan, 1978). In contrast, Tm (= 17a(H)-trisnorhopane) is formed in the

same way as the other regulär hopanes and its concentration in oils or extracts is

dependent on maturation. Thus, for source rocks derived from similar organic matter,
the Ts/Tm ratio ls a maturity parameter. However, Seifert and Moldowan (1977, 1986)
point out that the generationof Ts may be dependanton aeidcatalysls and, therefore, the

presence of clays in the mineral matrix could play a role in overprintingthe maturity-
inducedvalue of the Ts/Tmparameter. In the GBZ samples, the covariance ofthe Ts/Tm
ratlos with Pr/Ph ratios (Fig. 5.8), isotopic compositions of the saturated hydrocarbons
(see Section 5.5.2) and sterane isomerizationratios (Fig. 5.9) indicate that organic matter

input and/or varying redox conditionsduring early stages of diagenesiscould have had

an influence on both these maturity parameters. This explalnsthe wide Variation, which

cannot be attributed to differences in maturity as the selected samples are only a few

metersapart.
The ränge ofthe maturity parameterC31 aß (S)/(S+R) (Hopanes) in the GBZsamples ls

0.55-0.61.The values of this ratio ranges from 0 to anend point of 0.6 (equilibrium value)
with increasing maturity (Seifert and Moldowan, 1980). The complete isomerization of
the hopanes is commonly reached before the onset of intense hydrocarbongeneration
(MacKenzie and Maxwell, 1981). Therefore, the GBZvalues are consistentwith the other

maturation parameters, such as vitrinite reflectance and Rock-Eval Tmax, which

indicate that the GBZsediments are only marginallymature.
The GBZränge for the ratio C29 5,14,17 aaa(20S)/(20S+20R) (Steranes) is 0.21 to 0.42.

It is lower than the equilibrium value of 0.5-0.6 which ls reached when the organic
matteris well into the zone of oil generation (MacKenzie, 1984). However, the variations

are ratherhigh and cannotbe attributed to maturity changesbecause ofthe close vertical
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spacing of the samples. Comparisons with literature data (e.g. MacKenzie et al., 1980)

suggest that only the lowestvalue can be considered representative of the maturity level

of the GBZ at these locations. The higher values and the wide variability in the data

indicate that primary input and/or early diagenetic processes influence the

isomerizationof steranes.

A detailed study of two samples has shown the presence of low concentrations of

diasterenes(unsaturatedprecursors of diasteranes) and the complete absence of sterenes.

McEvoyand Giger (1986) also reportedthe minor presence of low amounts of hopenes and

methylhopenes. These unsaturated Compounds are found only in immature sediments,

before the onset of the oil window(MacKenzie et al., 1982).
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Fig. 5.8 Scatterplot of Ts/Tm-vs. Pr/Ph-ratios. The correlation indicates a source

control on the Ts/Tmratio.
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Fig. 5.9 Scatter plot of Ts/Tm vs C29 sterane Isomerizationparameter. The strong variance
and the good correlation of these maturity parameters indicate a signiflcant source

and/or syndepositionalbacterial activity control.

5.4.3.2.2 Sourceparameters

The C23-3/C30 hopane ratio is a measure ofthe relative abundance of tricyclic (C23-3)
over pentacyclictriterpanes (hopanes). Tricyclic terpanes are widely distributed in most

oils and source rock extracts of marine origin, whereas they are absent in oils derived

from purely terrestrial source rocks (Aquino Neto et al., 1983; Philp, 1985; Moldowanet

al., 1983). Althoughtheir precursors are not well known, their ubiquitous presence in oil

and source rocks suggest a bacterial (Ourisson et al., 1982) or algal origin (Aquino Neto et

al., 1983). This ratio gives a good indication of input variations. As evidenced by their

C23-3/C30ratio, samples 153, 155 and 162, from the upper part of the section, show a

clear difference in input compared to all other samples. The fact that the highest relative

concentrations of tricyclic terpanes are found in the samples with low abundanceof

hopanes compared to the n-alkanes, suggests that tricyclic terpanes probably originate
from algal precursor (Aquino Neto et al., 1983).

The ratios of tetracyclic/pentacyclic terpanes (C24-4/ C30 hopane) ränge from 0.02 to

0.66 in the GBZ samples. Aquino Neto et al. (1983) proposedthat tetracyclicterpanes are

derived from degradation of the pentacyclic hopane-typetriterpanes, either through
bacterial activity during early diagenesis or through maturation. However, Philp (1985)
observed an abundance of C24 tetracyclic terpane in Australian oils, which are mostly
derived from terrestrial source material, and concludedthat this Compound could be

taken as an indicator of terrestrial input. In analogy, the change in

tetracyclic/pentacyclic terpanes ratios in samplesMI153, 155, 162, BE89/2 and BE89/22
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could indicate higher terrestrial Input or alternatively a higher or different type of

bacterial actMty during early stages of diagenesis.
Variations in bacterial population should be reflected in the parameter C29/C30

hopane. Its constancyin all GBZ samples indicates a relativelyhomogeneousbacterial
population for the entire formation.

Gammaceranewas detected only in samples 153, 155 and 162. Gammacerane is

thought to be derived from tetrahymanol, which occurs In a protozoan (Malloryet al.,

1963) and in ferns (Zander et al., 1969). Tetrahymanol is rather common In sediments

depositedunder hypersalineconditions(ten Haven et al., 1988) but has also recently been

recognized in a variety of open marine deposlts (Venkatesan, 1989). Therefore, the

geochemical significance of gammaceraneis rather uncertaln.However,the association

of higher concentrations of tetracyclicterpanes in the samples containlng gammacerane
may suggest a terrestrial source for the gammaceranein these samples.

The C30-ltn Compoundis a hopane with a straight ratherthan ofbranched side chain.

Its presence is characteristic for carbonate source rocks and can be used for oil-source

rock correlation. Its presence in the GBZ is In agreement with the high carbonate

contents. The C29-5 Compound is a pentacyclicterpane of unknownstructure whose

formation appears to be enhanced by the presence of clays. The variations of this

parameter reflect variationsin clay content of the source rock but can be used as a

correlationtool.

The ratio C27 aßß(S+R)/C29aßß(S+R) (Steranes) reflects variationsin organic matter
source. The C27-steranesare commonly thought to represent phytoplanktonand the

C29-steranes higher plant input. However,Volkman (1988) has challenged this rather

simplistic Interpretation showing that some species of phytoplanktoncan also contain

appreciable amounts of C29-steranes. Therefore, the high amounts of C29- steranes

found in the majority of the GBZsamplesfrom the lower part of the section compared to

samples 153 and 155 do not necessarilyimply a higher terrigenousinput for the lower

part of the formation but probably reflect changes In plankton population.
Diasteranes are principally formed In argillaceouslithologies through catalysis In

aeid Sites ofthe clay crystals (MacKenzie et al., 1982, Palacas et al., 1985). The ratio C27

diasteranes/C27aaa steranes can be used as a source parameter but has more

significance in the characterizationof the inorganic matrix accompanying the organic
matter (presenceof clays, pH of associatedpore fluids) than for the organic matter itself.

The absence of diasteranes ls usually Indicative of carbonate-rich lithologies. The
observed variations in the GBZ are probably due to lithologicalvariations.

The relative proportionof C27 to C28 to C29 steranescould not be calculatedfor all the

samples because of the poor definition of the S and R isomer peaks due to the low

maturity.All the GBZ samples, with the exceptlon of MI153 and MI 155, plot in the field

for estuarineor bay environmentsindicating a homogeneousorganicmatter input and a
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restricted environmentfor the lower part of the GBZ (Fig. 5.10). Samples MI153 and

MI155 plot in the marine field suggesting a transition to more open marine conditions

towards the top of the formation.

The GBZ terpane/sterane (T/S) ratios show a strong scatter from 2.6 to 21.1. Two

groupscan be distinguished; one with values between2.6 and 6.2 and one with a value of

around 20. This means that hopanes can be present in concentrationsof up to one order

of magnitude higher than steranes (Fig. 5.6, Tab. 5.5). The sterane concentration is a

measure of the autochthonouseukaryoticalgal production in the water column, whereas

the hopane concentration reflects both the bacterial input into the sediment (from
chemiolithotrophic and chemiolithoautotrophic bacteria) and the degree of bacterial

reworking of the organic matter sinklng in the water column (heterotrophic bacteria).
The latter is therefore a measure of both primary and secondarybiochemical activity.
The Variation in the terpane/sterane ratio is very high, in contrastto the ratherconstant

C29 hop/C30hop ratio. This indicates a qualitativelyhomogeneousbacterial population
with a strongly varying quantitative Input of algal and/or bacterial material.

C28

ESTUARINE
. ORBAY

•\»% TERRESTRIA
<tPLANKTON/

/ MARINE
HIGHER
PLANTS

C 27 C 29
Steranedistribution

Fig. 5.10 Triangulär diagram of the relative abundanceof C27, C28 and C29 5a(H),
14a(H),17oc(H) steranes (R + S isomers). This diagram(based on that of Huang
and Meinschein, 1979) shows the homogeneityof the organic matter input.
The samples falling into the marine field are MI153 and 155 from the upper

Grenzbitumenzone.
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5.4.4 Aromatic hydrocarbons

The results of GC-MS studieson GBZaromatic hydrocarbonsare summarized in Tab.

5.5. Aromatic hydrocarbons represent between 0.8% and 25.2% of the extractable

fraction (Tab. 5.3). It must be noted than only sample MI153 shows a very small aromatic

fraction; all other samples show concentrationshigher than 7.6%. Sample MI153 is also

characterized by the presence of 4-5 methylenphenantrene and dibenzothiophenes,
which are absent or present only in very low concentrations in the other samples (see

Tab. 5.5.)

Table 5.5 Aromatic hydroc;Eirbons

Sample 4-5 MeP DBT's Benzohopanes 4MA T/M+T MPI1

(1) (2) (3) (4) (5) (6)

KK52 ? ? C34>C35>C33>C32 + <1 0.50

MI82 ? ? C34>C35>C33>C32 + <1 0.74

MI110 ? ? C34>C35>C33>C32 + <1 1.04

MI 132 ? ? C34>C35>C33>C32 + <1 0.82

MI 136 ? ? C34>C35>C33>C32 + <1 0.62

MU153 + + C34>C35>C33>C32 + <1 0.37

RC2062 n.d n.d n.d nd. 0.44 0.80

RC2057 nd n.d n.d n.d. 0.33 0.47

BE 89/2 ad nd C34>C35>C33>C32 nd. 0.49 nd

BE 89/6 nd nd C34>C35>C33>C32 nd 0.50 nd

BE 89/12 nd nd C34>C35>C33>C32 nd. 0.49 nd

BE 89/11 nd. nd C34>C35>C33>C32 nd 0.52 nd

BE89/22 nd n.d C34>C35>C33>C32 nd. 0.33 nd

(+) = present (?) = dubious (n.d.) = not determined

(1) 4-5 Methylenphenantrenepresent
(3) Benzohopanes,relative intensity of

C32, C33, C34, C35

(5) Triaromatic/(monoaromatic+triaromatic) steranes

(2) Dibenzothiophenes
(4) 4 MA (Methylantracene)"

(6) Methylenphenantreneindex 1

MPI 1 = 1.5 (2-methylenphenantrene + 3-methylenphenantrene

phenantrene + 1-methylenphenantrene+ 9-methylenphenantrene
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5.4.4.1 Maturityparameters

The methylenphenantreneindex was first introduced as a maturity index by Radke et

al. (1982), and is based on studies of extracts of typein kerogens.More recentstudies have

shown that this parameteris not very useful in rocks containingtype II kerogens (Radke
et al., 1986; Cassani et al., 1988). In particular, Cassani et al. (1988) found that the

methylphenantreneIndex correlates positivelywith the carbonate content and does not

correlate at all with other maturity parameters such as Tmax, atomic H/C ratios or

Steroid isomerizationparameters. The ränge of 0.37 to 1.04 found in the GBZ samples,
corresponding to maturities ranging from immature to overmature, demonstrate that

this parameter is highly Influenced by variations in organic facies and possibly by
mineral matrix effectsand is therefore not very meaningful.

The abundance of triaromatic steranes over mono- and triaromatics (T/M+T) is

maturity dependent(MacKenzie et al., 1981) and the value of this ratio increasesfrom 0

in immature rocks to 1 (the equilibrium value) at the peak of oil generation.The GBZ
values of 0.33 to 0.52 are consistentwith the lowestvaluesfound for the isomerizationof

the steranes.

5.5 Organic Carbon IsotopeGeochemistry

5.5.1 Total organic carbon

Total organic carbon isotope compositions in the GBZ samples ränge between -27.5

and -31.8 %o (PDB) (Tab. 5.6, Fig. 5.11). Stratigraphic variations are depletedin Fig. 5.12.

No clear correlation between TOC-contentand isotopic composition exists (Fig. 5.11), as

sampleswith lower organic carboncontent show a wide variabillty. A trend towards less

negative values (avg. ~ -28%o) is seen at above 13 m from the base of the profile,
corresponding to layer 136 (Fig. 5.12), whereby layer 155 at 15.1 m is an exceptionIn this

trend. The 813Ctoc in the San GiorgioDolomites just above the GBZ ranges between

-27.5 and -28.2%o fTab. 5.6). This shift towards less negativevalues In the GBZcorrelates

with changes in the C27:C28:C29 steranebiomarkerdistribution and with a decrease in

the amount of hopanes which indicate a change to more normal marine conditions (see
section in section 5.4.3.2 ).
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Flg. 5.12 Variations in 813C(TC.C) in the profile at Mirigioli (P.902). The trend to less negative
813C composition in the upper Grenzbitumenzoneis interpreted as due to a decrease

in bacterial activityand to an opening of the basin to more open marine conditions.
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Table 5.6.

Carbon isotope composition ofTOC, saturated (SHC) and
aromatic (AHC) hydrocarbonfractions.

Layer No m frombase 813C (PDB) TOC% 813C (PDB)
SHC

813C (PDB)
AHC

23 2.90 -29.34 2.18
51 5.30 -30.84 3.97
52

56
5.40

6.25
-30.54

-29.86
4.95

12.09

-32.87 -32.76

60 6.70 -30.05 18.60
75 8.75 -30.52 26.70
82

84
9.60

9.85
-30.50

-30.74
26.70

0.25
-32.27 -32.23

88u 10.05 -31.79 1.78
88o 10.15 -30.21
93u 10.20 -30.63
93 o 10.25 -30.04
97 10.60 -30.61 28.30
106 11.25 -30.54 1.42
108 u 11.40 -30.81 13.00
108 o 11.50 -31.10
109 11.60 -30.32 14.26
110

115
11.70

12.00
-31.68

-30.30
34.90

18.98
-32.52 -32.21

120 12.35 -30.45 1.50
122 12.40 -31.16 1.78
129 12.70 -30.92 1.70
130 12.75 -30.95 29.04
132

134
12.80

12.85

-31.07

-29.95
28.80

14.02
-32.96 -32.89

136

142
13.00

13.90
-28.95

-28.74
1.05

0.84
-31.31 -31.35

146 14.35 -28.40
153

155

162

185

14.80

15.10

15.55

17.00

-27.50

-30.89

-28.44

-29.99

12.20

2.22

0.52

-28.15

-29.79

-29.25

-27.61

-30.0

-28.71

226 18.50 -28.82 3.66 -31.38 -31.30

S.Giorgio
dolomite

35.00*

40.00*
50.00*

-27.51

-28.04
-28.20

m from base ofthe Grenzbitumenzone



138

5.5.2 Saturated and aromatichydrocarbonfractions

The carbon isotope compositions ofthe extracts ränge from - 28.2 to -33.0%o (PDB) for

saturated fractions and -27.6to -32.9%o for aromatic fractions with an excellent positive
correlation between the two (Fig. 5.13). The saturated and the aromatic fractions have

513C values 0.8 to 2.4 %o and 0.5 to 2.3 %o, respectively,more negative than those forTOC.

The composition of aromatic and saturated fraction llkewise correlates positively with

TOC composition (Fig. 5.14). Therefore, it can be assumed that in general the isotopic

compositions of the extracts closely mirror those of the TOC.
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Fig. 5.14 Scatter plot of 813CTOCvs 813C of aromatic and saturated hydrocarbon fractions.
The good correlation suggests that the variations seen in the isotopic composition
of the extract fractions are representativeof the bulk isotopic composition of the
total organic matter.
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Correlationsbetween input-relatedbiomarker parameters and Isotopic composition
of the extracts are depleted in Figs 5.15 to 5.19. The most negativevalues for the extract

fractions are found in sampleswith the highest amount of hopanes (representedby the

C30 hopane) relative to normal alkanes (representedby the C20 normal alkane) (Fig.
5.15) and highestPh/n-C18 ratios(Fig. 5.16) and Pr/n-C17(Fig. 5.17) and in the samples
with the lowesttricyclic-terpanes/hopanes(Fig. 5.18) and tetracycllc-terpanes/hopanes
ratios (Flg. 5.19). Crossplots of the isotopic composition of the saturated hydrocarbons
with C27/C29 steraneratio (Fig. 5.20), terpane/sterane ratios (Fig. 5.21) and Pr/Ph ratio

(Fig. 5.22) show a relatively wlde scatter probably reflectingthe multiplesources of these

Compounds and complex chemical controls on their formation during diagenesis. The

correlationbetween these parameters and the isotopic composition of the extracts

indicate that the carbon isotope composition of the organic matter in the GBZ is

controlled by variations in organic matterInput. In particular, the mostnegative carbon

isotope compositions are found in samples with the highest concentrations of

biomarkersIndicative for a signifleant input of bacterial biomass.

The correlation between the maturity parametersC29 (20S)/(20S+20R) and Ts/Tm

with the carbon isotope composition of the extracts (Figs. 5.23 and 5.24) indicate that the

variations in these parametersobserved In the GBZmay be a consequenceof changes in

bacterial activity during the earliest stages of diagenesis and that the significance of

these parametersas maturity indicators shouldbe regarded with caution.
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Flg. 5.15 Scatterplot of813C of the saturate hydrocarbon fraction vs the C20 normal

alkane/C30 hopane ratio. The n-C20 alkane is taken as an approximation of

the primaryalgal input whereas the C30 hopane is a proxy of the bacterial

input. The data clearry deflne two groupsofsamples: a groupwith light S13C
compositions and high hopane concentrations and a groupwith heavy 813C
compositions and low hopane concentrations.
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5.5.3 Discussion

The carbon isotope composition of sedimentarymarine organic matter is controlled

by a large number of factors. The most important are: (1) the relative proportion of

terrestrial to marine organic matter, (2) variations in plankton species and water

temperature, (3) selectivepreservationof organicCompoundsduring diagenesis, (4) extent

of bacterial reworking, (5) concentration of CO2 in the watercolumnand (6) changesin
the CO2 sources for organic matter synthesis. It is therefore clear that the isotopic
composition of sedimentaryorganic matter is the result of a combination of primary
input-relatedvariationsand syndepositional to early diageneticoverprinting. Thermal

maturationcan be excluded as a influenclng factor as many studies have shown that no

significant changes in the isotopic composition of kerogen occur until metamorphic
conditionsare reached (e.g. Hoefs and Frey. 1976).

Modern terrestrial organic matter is on the average lighter than marine organic
matter by about 7 %o (Degens, 1969), but the oppositerelationship has been documented

for different epoches in the Phanerozoic (Lewan, 1986; Dean et al., 1986). Although the
carbon isotope composition of terrestrialorganic matterhas remained roughly constant

through geologic time (Degens, 1969; Schoell, 1984), the compositionof the marine

organic matter has widely varied (Lewan, 1986; Dean et al., 1986). Lewan (1986)
postulated that marine organic matterwas isotopically lighter than terrestrialmatter

during periods when Stagnation and sluggish circulation led to a reduetion of gas

exchange with the atmosphere. In this case, the water columnstratificationcaused an

enrichment of organically-derivedcarbon In the photic zone, which decreased the

isotopic composition of the dissolved carbon used by the primaryproducers to synthesize
new organicmatter. An alternative explanation was put forward by Arthur et al. (1985),
Dean et al. (1986) and Popp et al. (1989) who related variations In carbon isotope
composition of marine organic matter to variations In the PCO2 m the atmosphere. The

carbon isotope composition of the primary organic matter is thought to be best

represented by the composition of the porphyrins (Hayes et al., 1987). Based on

porphyrin data. Popp et al. (1989)estimated the Isotopic composition of primaryTriassic
marine organic matter to be -24.5 %o to -25.5 %o. On the other hand, Lewan (1986)
determinedthe isotopic compositionof average Triassic marine organic matter to be
- 27.2 %o.onthe basis of amorphouskerogen composition
Many questions arise concerning the Isotopic composition of the organic matter in

the GBZ: What is the origin of the very negative 813C compositions (as low as -32 %o) of

total organic carbon? These are up to 10 %o more negative than recent marine organic
matter, between 1.2 and 4.6 %o more negative than average Triassic marine organic
matter (- 27.2 %o PDB; Lewan, 1986) and more negativethan average terrestrialorganic
matter (Avg -27.0 %o ; Degens, 1968). Whatare the causesofthe variations withinthe GBZ
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Formation?Are these primarySignals or the result of early diagenetic processes after the

organic matter was deposited?
The organic geochemicalstudies indicate a predominantlymarine organic matter

Input with only minor terrestrial contribution for the entire GBZ, with limited

variations among samples. These isotope results confirm the concluslons of Lewan

(1986) that marine organic matter was more negative than terrestrialorganic matterin

the Middle Triassic.The values in someofthe samplesofthe upper part of the GBZand in

the San Giorgio Dolomite (-27.5 to -28.5%o) are in the ränge determined by Lewan (1986)
for Triassic marine organic matter. The more negative values found in the lower GBZ,

however, must reflect a furtherorganic matter source other than marine phytoplankton
or terrestrial higher plant debris.

Temperaturevariations can be excluded as a causefor the isotopic shlfts becauseofthe

very low temperature dependence of carbon isotopic compositionof OM. Wong and

Sackett (1978) have shown that the temperature dependence of carbon isotope
fractionation ränge between -0.13 and +0.15 %o/°C for different types of phytoplankton.
An unrealistic change in temperatureof 22 to 26°C is required to explain the 3.4 %o

variations found in the GBZ.

Different biochemical components of organisms have different carbon isotopic

compositions. For example, Degens et al. (1968) found that lipids of marine organisms
can be enriched in 12C by 8 to 10%o relative to the carbohydrates and proteins. Selective

preservationin the sedimentsof different fractions of the original organic mattercould,
therefore, produce a significant isotope shift comparedto the value of the originally
deposited organic matter. Spiker et al. (1984), for example, have shown that a 4 %o

enrichment of 12C occurs in algal remains preserved under optimum anaerobic

conditionscompared to the primarytotal organic matter. This preservationeffect could

explain the difference in compositionbetween the primary producers inferred from

porphyrin composition (Popp et al., 1989) and theTOC found in the upper GBZ. Assuming
a possible depletion of 4 %o during early diagenesis, a composition of -29.5 %o could be

expected from preferential preservationof lipid Compounds during early diagenesis.
The correlation between the isotopic compositionof the extracts and the relative

concentration of hopanes (Fig. 5.15) and other biomarker parameters, which are

considered to be at least partly dependenton bacterial activity (see section 5.3.1), indicate

that the extremely negative compositions found in the GBZ reflect an important
contribution of bacterial blomass in the preserved organic matter. Three alternative

modeis are possible to explainthe observed depletion. The high contributionof bacterial

biomass in the GBZ organicmatter is derived from:

(1) methanotrophic bacteria living at the oxic-anoxic Interface in the water

column, and/or
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(2) autotrophicbacteria (cyanobacteria) which used a 13C depleted source of C02,

and/or

(3) a 13C-depletedbiomass of chemoautotrophicbacterial origin.
A definite answer to this question could only be found by analyzing the isotopic

composition of individual organic molecules (e.g hopanes) with a known biological
precursor, as the available data do not enable an unambiguousInterpretation.

Methanogens have two main metabolic pathways of methane generation: by
fermentation of acetateand by reduetion of CO2 (Balch et al., 1979), whereby in marine

sediments methane production by CO2-reduetionappears to be the dominant mechanism

(Whiticaret al.,1986 and referencesHierein). The fractionation between CO2 and CH4
varies between 45 and 80%o, and the ränge in 813C for biogenic methane in marine

environmentsis -45 to -100 %o dependlngon the carbon source (Whiticar et al., 1986).

Methane-oxidizing bacteria (methanotrophs) incorporate methane-derivedcarbon In

their bodies and as a result are greatly depletedin 13C. The incorporationof a significant
amount of methanotrophs in kerogen would, therefore, depress the overall isotopic

composition of the organic matter.

The presence of methylated hopanoids in the GBZ (McEvoy and Giger, 1987), which

may be derivedfrom methylotrophic bacteria (Bisseret et al., 1985; Zundel and Rohmer,

1985), would support hypothesis (1). Methylotrophs are bacteria that live in the water

column at the oxlc-anoxic Interface and can grow at the expense of reduced carbon

Compoundscontaining one or morecarbon atoms but no carbon-carbon bonds. Methane-

oxidizing bacteria are one strain of methylotrophs. This hypothesis would also be

supported by the correlation of the isotopic composition with Ph/n-C18 (Fig. 5.8), if

phytaneis assumedto be derivedprimarify from methanogens (Freemanet al., 1990). On

the other hand, the sulfur isotope composition of pyrite and organicmatter(Section 4.2)

and the carbon isotopes of dolomite (Fig. 4.10), together with the lack of other

biomarkers indicative of methanogenic activity such as squalane and 2,6,10,15,19-

pentamethyleicosane, suggest that methanogenetic activity was limited in the GBZ

sediments. Thus, it appears unlikelythat a process of methane recycling could have

produced the large negative shift observed in the overall carbon isotopic compositions of

organicmatter in the GBZ.

It ls not possible to constrain the relative importance of the contribution of

chemoautotrophicbacteria (e.g denltrifiyng bacteria, sulfur oxldizers) and autotrophic
bacteria (Cyanobacteria) becausehopanes have been detectedin speciesbelongingto both

of these groups ofbacteria (Ourisson et al. 1987) and no other biomarkersspecific to one
of these groups are known. An indication of the presence of cyanobacteria in the GBZis

the high content of methylated hopanoids, which have also been detected in

cyanobacteria (Zundel and Rohmer, 1985). In lacustrine basins with permanently
stratifiedwater columns, these bacteria have been observed to form a bacterial plate
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suspended at the anoxic-oxlc Interface in the water column and carbon stable carbon

isotope compositions of these bacteria are up to 20%o lighter than algal biomass (Fry,
1986). Modernexamplesof bacterial plates In marine environmentshave been described

in the Black Sea (Dickmann and Artuz, 1978) and in a stratified estuary (Inderb0 et al.,

1970). Because a combination of hypothesis (2) and (3) is compatible with the

sedimentological and geochemical data, I suggest that in the GBZ basin, a high
concentration of cyanobacteria and/or chemoautotrophswere present as a suspended
bacterial layer in the watercolumn, and that these contributed considerabryto primary
productivity.

5A4 Estimate ofthe bacterial contributionto total organic matter

A tentative estimate of the contribution of bacterial biomass to the total organic
matter of the GBZcan be made on the basls of the Isotopic compositions of the extracts

(Table 5.6). Little data are available on the isotopic composition of individual hopanes in

the rock record. The onlyuseful data are those of Freemanet al. (1990), whomeasured the

isotopic composition of various biomarkers In extracts from the Messel Shale in

Germany.A weighted average of all hopanes glves a value of -47%o (PDB).Using this value

as a estimate ofthe isotopic composition ofthe bacterial biomass, a rough estimate of the
bacterial contributionto the GBZcan be made. Because the isotopic composition of the

primary producers in the GBZ is unknown three different values for the isotopic
composition of the primary marine organicmatter will be used:

1) 513C of primaryproducers: -25%o (PDB),based on porphyrin compositions (Popp et

al. 1989).

2) 813C of primary producers: -27%o (PDB), based on compositionof amorphous
organic matterMiddle Triassic marine sediments (Lewan, 1986),

3) 513C of primaryproducers: -28.5%o (PDB) (based on isotopic composition of OM In

the San Giorgio Dolomites.

Using the formula:

o CExtract= x 8 Cprtmary producers + (l-x)5 Chopanes

the amount of bacterial biomass is estimated to Ue between 18 and 37% of the total

organicmatter, dependingon the initial value considered.
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5.6 Summary

The following conclusions can be derivedfrom the organic geochemical studiesof the

Grenzbitumenzone:

(1) The organicmatter is immature and can be classifiedas type II. It is dominatedbya

marine source with a large bacterial contribution.

(2) The GBZ can be consideredto be a goodsource rock.

(3) The organic geochemical data indicate depositionin a restricted environmentwith

a trend towards more open marine conditions and a decrease of bacterial

contributionin the upper part ofthe formation,above layers 130-140.

(4) The organic-carbon content of the sediments was not controlled by differing
degrees of preservationbut ratherwas a result of carbonate dilution of a relatively
constant organic matter-detrital Sedimentation.

(5) No evidence for the presence of methanogenicbacteriawas found In the biomarker

distributions.

(6) Variations observed in closely spaced samples within the GBZ indicate that

environmentaland/or primary organic matter input variations influenced some

biomarker parameters, such as the Ts/Tm and the C29 sterane isomerization

ratios, which are commonlythought to be only maturity dependent.
(7) The carbon Isotopic composition of the primary organic matter was strongly

modified through incorporation of biomass derived from cyanobacteria and/or

chemoautotrophicbacteria which formed a suspended bacterial layer in the water

column.
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CHAPTER 6

SUMMARYANDCONCLUSIONS

6.1 Introduction

This chapter summarizes the main results of this study and discusses the GBZ

depositionalenvironment and the possible links between the formation of the cyclic
bedding and sea-level variations. This is followedby a discussion of the environmental

parametersthat promoted the preservation of high quantities of organic matter in the

GBZ; then a model of the influence of bacterial activity on the accumulation, carbon

isotope composition and quality of organic matter in sediments is presented. Finally,
the origin of dolomite in the GBZ and the factors Controlling dolomite formation in

anoxic sediments are discussed. Carbonate, Sedimentation in shallow water

environmentsis strongly climate dependent thus, before discussing the depositional
environments and the possible links between cyclicity in the GBZ and climatic

variations, a brief discussion of the paleogeographic position of the SouthernAlps and
the climate in the Triassic is presented.

Paleogeographic reconstructions of the Middle Triassic indicate that the Southern

Alpinerealm was located betweenthe equator and 20° latitude north (Scotese et al., 1979;

Parrish et al., 1986). At this time all of the larger continentsformed a unique continental

mass, the supercontinent Pangea. This land mass distribution resulted in a very

different atmosphericcirculation pattern and climate zoning than today. Atmospheric
circulation and paleoclimatological modelingby Parrish et al. (1986) and Kutzbach and

Gallimore (1989) suggest that the climateduring the Middle Triassic was characterizedby
a strong monsoonal circulation possiblymodulated by orbitalvariations. The absence of

therapsid fauna from paleolatitudes between 35° north to 35° south has been taken by
Parrishet al. (1984) as evidence for a hot dry equatorial climateduring Lower and Middle

Triassic time. In agreementwith the above authors,Tucker and Benton (1982)concluded

that the equatorial humid belt was poorlydeveloped in the Triassic, that a subtropical
arid belt occupied an expanded low- to mid-latitudelocation between 25 and 50 degrees
and that the land configurationcould have produced warmerglobal temperatures and a

generallylower rainfall than during other geological periods. In the Southern Alps, the

upper Scythian and lower Anisian are characterized by the presence of evaporites
(Carniola di Bovegno) and evaporitic lagoons (parts of the Elto Dolomite^ (Brack, 1984)),

indicating a dry and warm climate and widespread sabkha-typeenvironments. In the

whole Southern Alps, the Anisian and Ladinian are characterized by the widespread
occurrence of carbonate platforms indicative of a warm climate, but lithological
indications for aridity are absent. However, a detailed study of the palynological
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assemblages in the Middle Triassic of the western Dolomitesby Van Der Eem (1983)
shows a floral distribution dominated by xerophytlc plants suggesting a warm arid

climate at the end of the Anisian, followed by a progressiveincrease in humidity, at least

locally, during the Ladinian and again an increased aridity towardsthe Carnian. This

late Ladinian-Carnianarid phase is consistent with the presence of evaporitesin the

upper part of the Calcare di Meride (Kalkschieferzone) and the gypsum of the Raiblbeds.

Summarizing, the climate in the Lugano region during the deposition of the GBZ was

probably tropical and rather poor In precipitationbut possibly with periodic high
rainfall during monsoon seasons.

6J2 The GBZ DepositionalEnvironment andBasin Geometry

The sedimentological,geological and geochemicaldata indicate that the GBZ was

deposited in a silled marine basin with extremery restricted circulation. Due to the lack

of outcrops the extension of the basin cannot be exactly constrained. The available

outcrops constrainthe minimal E-W and N-S dimensionsof the GBZ to be approximately
10 x 10 kilometers. The maximum possibleE-W extension of the basin is 20 km if a

connection with the basin in which the Perledo-VarennaLimestone was deposited is

assumed. The extension towardsthe south cannot be constrained because of the thick

Tertiary and Quaternarycover In the Po piain.
The fine grain-size of the sediments, the lack of evidence for sediment reworking as

well as the lack of disruptionand orientation ofthe vertebrateskeletons suggest limited

current activity at the bottom of the basin and Sedimentation belowwave base. Based on

model calculations and geological data, the depth of the basin can be constrained to be

between 30 and 100mwith a progressive deepening towardsthe the top. The presence of

an abundant cosmopolitanand varied normal marine fauna (ammonoids, Daonella,

fish, saurids) indicates that the surfacewaters in the GBZ basinwere connectedto the

Triassic Paleotethys and maintaineda relatively normal marine sallnlty. On the other

hand, the undisturbed laminations, the lack of benthonic fossils and bioturbation

structures, the high organic sulfur content and the trace dement signature of the black

shales and laminated dolomites Indicate that the GBZwas depositedunder permanently
anoxic conditions in H2S-rich bottomwaters.These data indicate the presence ofa stable

stratified water columnin the basin for a very long period of time.

For a stable stratificationto be maintained, a density gradient in the water column,

due to variations in temperature and/or sallnlty, ls necessary. In equatorialor tropical
environments, as in the case of the GBZ, strong temperaturegradients In the water

columnare unllkely. Therefore, the stratificationobserved in the GBZ can be considered

primarily a consequence of sallnlty gradients In the water column. However, no

petrographic or geochemical evidence for hypersalinityof the bottom watershave been
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observed.For example, pseudomorphs of evaporite minerals are missing, and the oxygen

isotopic compositions of dolomite are Inconsistent with the presence of highly
evaporated waters. Moreover, biomarkerdistributions in recent hypersaline settings are

substantially differentfrom those in the GBZ. For example, these settings, in contrastto

the GBZ, are characterizedby: 1) verylow pristane to phytaneratios of 0.1-0.3 (GBZ: 0.76-

1.25), 2) a high abundance of regulär C25 Isoprenoid (absent in the GBZ), 3) R22 >l-5 (GBZ:

1.03-1.21), 4) relatively high abundances of gammacerane (present only in low

concentrations in one sample of the GBZ). and (5) C31-C35 14ß(H),17a(H) hopane
distributions maximizingat C35 (maximum at C31 in GBZ) (ten Haven, 1989). Thus, it

can be assumed that the GBZwas deposited in a normal saline or at the most slightly
hypersaline environment.

Silled basins have a number of physical barriers that influence water circulation

patterns and restrict vertical mixing, thereby promoting water stratification. Silled

basins can be dlvidedinto two main groups, those in humid zoneswith a positive water
balance and those In arid zones with a negativewaterbalance (Grasshoff, 1975). Basins

with a positivewaterbalance have a strong salinitycontrast between outflowlngfresh or

brackish surface waters and deeper inflowing more saline and nutrient-richmarine

water.In modernenvironments, such basins are often characterizedby the development
of anoxic conditions in the bottom waters (Demaison and Moore, 1980). Typical recent

examplesare the Black Sea (Degens and Ross, 1972) and SaanlchInlet, British Columbia

(Nissenbaum et al., 1972). In basins with a negative water balance, such as the

Mediterraneanand Red Sea, inflowingseawater replaces the hypersaline surface water
which sinks to the bottom and flows out as an undercurrent. In these basins the bottom

waters are generally oxygenated and nutrient-poor and no enrichments of organic
carbonare observed in the sediments.This circulation ls generallyinducedby the wlnter

coolingof the higher saline surface waters formed during the summerand is therefore

efficient only if strong seasonal temperature variations are present. If seasonal

temperaturevariations are absent, the overturn may not take place and therefore the

bottom waters tend to become anoxic. This is the case for example In Johnson Pond,

Gainesville, Florida where overturn of the water column takes place only In cold

winters, whereby the bottom waters become anoxic again very rapidry, due to the high
rates ofoxygenconsumption (J. McKenzie, pers. comm. 1991).
The sedimentologicaland geochemical data presented In this study indicate thatthere

may be no unequivocal modern day marine basin similar to the GBZ. The permanently
anoxic conditions of the bottom waters in the GBZ as well as the lack of evidence for

hypersalinitycould be considered evidence for deposition to a basin with a positive
waterbalance.On the otherhand, there is no evidence for freshwateror riverine input as

the detrital input is very low and the fauna Indicates normal marine salinity. the

climate modelling of the Middle Triassic Indicates an arid climate with evaporation
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exceeding precipitation (Kutzbach and Gallimore, 1989). It ls possible that a negative
water balance due to evaporation exceeding precipitation associated with only small

seasonal temperaturevariationsproduced denser higher saline bottom waters which

stagnated In the basin. Overturns of the watercolumn,which would replenishoxygen in

the bottom waters, were probably relatively rare due to the lack of temperature
variations. This, together with high productivityand long renewal times for the water

(residence time for the waters can be estimated to be 30 to 60 years), could have induced

oxygen depletionin the bottomwaters and promotedthe developmentof anoxia.

&3 SedimentationRates

Calculations of trace metal accumulation rates (Section 4.1.3) and primary
productivitles, together with paleontologicaldata of Rieber (1968), indicate that the

Sedimentation rate for the black shaleswas approximately lm/m.y. Assumlngthat most
of the time is contained in the black shales, a bulk compacted Sedimentationrate

between 5 and 7m/m.y. is estimated.The preservation style of the ammonoid and the

lack of compactionfeaturesin the slump folds indicate that compactionto the dolomites

was minor. Assuminga compactionfactor of approximately 10 for the black shales, the

originaluncompacted thicknessofthe GBZ can be estimatedto be at the most 40-50m.

Low Sedimentationrates are supported by other geochemical data. It has been

proposedthat the Sedimentation rate exerts a control on the carbon isotopic composition
of the dolomites (Kelts and McKenzie, 1984). In slowlydeposited sediments, dolomite will

mostlyform to the sulfate reduetion zone carrying a negative 813C signature,whereas
dolomite formed to areas with high accumulationrates domtoantryhave positive 813C

signatureswith stronggradientsacrossbeds. The lackof these trends andthe constantiy
negative carbon isotope composition of the dolomites In the GBZ support this

hypothesis.Moreover, to subtidalsettings where diffusion of Mg from seawater into the

sediments can be considered the major source of magnesium for dolomite formation

(Baker and Burns, 1985; Burns and Baker, 1987; Compton and Siever, 1986), the

formation of significant quantities of early diagenetic dolomite is only possible with

extremely slow Sedimentation rates where the pore waters form an open system with the

overfying seawater for a long period of time. In addition, the very negativesulfur isotope
composition of the pyrite and organic matter(Section 4.2) support the hypothesis of an

open systemdiagenesis.
Similar low Sedimentation rates are found to other coeval basins across the entire

SouthernAlps (e.g. Buchenstetabeds) (Brack and Rieber, 1986, Brack, pers comm. 1990,

Brack and Rieber in prep.). Higherbulk Sedimentation rates are observed only in basins

close to volcanic eruption centerswith a high volcanicInput (Brack pers. comm. 1990).
These low Sedimentation rates impry thatthe anoxic conditionswere present in the GBZ
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basin for 2 to 3 Ma and suggest that a high Sedimentation rate is not a necessary

conditionto preserve high quantities of organic matter in sediments.

6.4 Origin of cyclicity

Cyclic sedimentsoccurworld-wide to most stratigraphic Systems. The deposition of

cyclic sediments is mainly attributed to rhythmic climatic oscillations, named

Milankovitch cycles, which are produced by variations to the earth orbital parameters
(e.g. many papers in Einsele and Seilacher, 1982). The periodlcity of these variations is

21, 40, 100 and 400 Kyr (e.g. Berger, 1977). The major factors Controlling fourth- and

fifth-order cyclicity in shallow marine sediments are glacio-eustatic sea-level

variations. Therefore, exact Information on the presence or absence of polar ice-caps

during the Triassic would be of primaryimportance to explain the cyclicityto the GBZ.

No positive evidence for the presence of ice caps during the Triassic has yet been found.

Studies on flora by Retallack(1975) and on amphibians by Colbert and Cosgriff (1974)
indicate that the general climatewas probably too warm for ice and snowto be present in

polar regionsduring Triassic time.

In contrast to data indicative of an ice-free Triassic epoch, Goldhammer et al. (1987,

1990) postulatedthatthe cyclic recurrence of emersionsurfacesto the Ladinian Latemar

platform in the Dolomites can be attributed to composite glacio-eustatic sea-level

fluctuations on the order of few meters. Based on a combination of field data and

numeric modeling of the observed cycles, they postulate two Orders of cyclicity: a

dominant component with a 20,000 year periodicity corresponding to variations in the

earth axis tut and a less important component reflectingthe 100,000years eccentricity
cycle. A similar Interpretation has tentatively been proposed for the Middle Triassic

carbonate platformsin the Catalan Basin, Spata (Calvet et al., 1990).
The sedimentologicalstudy of the GBZ has shownthat the lamination and the bedding

probably reflect variations to carbonate supply over a more or less constant detrital and

organic matter input. Although it must be considered that diagenesis could have

enhanced or erased details of the cyclicity(Ricken, 1986), as a first approximation, we
can assumethatthe beddingin the GBZ has a primary origin. Because the oldest known

calcareous plankton is found in Carnian and Rhaetian sedimentsand only from only
one location in the world (Wombat Plateau, Northern Australia, ODP Leg 122) and
becausemany laminae and beds show evidence of resedimentation,it is concludedthat

the carbonate was produced on the Salvatore-EsinoPlatform and was transported into

the basin by normal and/or "detachedturbidity currents" (see Section3.3). The amount of

carbonate found in the GBZ is, therefore, directly dependenton the primaryproduction
on the platform, which In turn is dependent on variations to sea-level. No cyclicity is

observed in the Salvatore Dolomite because extensive dolomitizationhas more or less
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completely erased primarystructuresand no evidence of widespreademersion surfaces
have been found. However emersion ls suggested by the presence ofindicators for vadose

diagenesis(Zorn, 1971).
The first order cyclicityof black shales alternating with dolomites could be the result

of variations in sea-level, whereby the black shales represent times of sea-level low

stand with reduced or inhibited carbonate productionon the platform and limited

carbonate transport into the GBZbasin. Low sea-level, lowertag the water depth above

the suis, would restrict watercirculation in the basto and enhance water stratification,

which in turn would promote organic matter accumulationand preservation. Likewise,

the dolomite beds may represent times of high sea-level stand when totense carbonate

production on the platform took place. The fact that the black shale layers seem to

represent a much longertime span than the dolomites may be a consequenceof a slow

recovery of the carbonate production on the platform after a sea-level rise. The

minimum depth for carbonate production, sediment accumulation and sediment

dispersal to begin on a carbonate platform is estimated to be l-2m (Hardie and Shinn,

1986). Thus, a substantiallength of time could have been necessary for the platform to

resume carbonate production after a period of low stand, considertag that sea-level

variations in the Triassic were probably on the order of a few meters(Goldhammer et al.,

1987).

6.5 Controls on Organic MatterAccumulationand Preservation

The main factors Controlling accumulationof organicmatterto sedimentsare:

1) Primary productivity in the water column. High primary productivity enhances

organic matter accumulation; it not only provides a large flux of organic matter to the

sediments but also has a large effect on the oxygenbudget in the water column. Oxidation

of a large amount of dead organic matter depletesoxygen in the watercolumnwhich to

turn inhibits further oxidation.

2) Composition of organic matter. Different organisms have widely varied

compositions. Phytoplanktonis particularly enriched to proteto which forms 50 to 75

wt% of the dry body mass (Parsons et al., 1984). Proteins are preferentially used by
aerobic bacteria, and marine organic matter is thereforereadily remineralized under

oxic conditions. Onthe other hand, higherplantscontain a high amount of cellulose and

other polymers which are more resistant to bacterial attack and are generally more

easily preserved.
3) Residencetime of organic matter under oxic conditions. Preservation of organic

matter in shallow basins or in basins which have a redoxclinein the watercolumnclose

to the water surfacehave a higher preservationpotential for organic matterbecause the
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residencetime of the organicmatter to the oxic water columnis shorterand degradation
of organic matter under anoxic conditionsis slower.

4) Sediment accumulation rates. High accumulation rates generally favour the

preservationof organic matter because even if the sedimentsare deposited under oxic

conditions,the pore waters quickly become anoxic and organic matter degradation
through aerobic bacteria and benthic burrowers is slowed down. On the other hand,
above a certato threshold,the input of high quantities of sediment dilutes the organic
mattercontent ofthe sediment.

5) Extent of benthic animalfeeding. Experlmentalstudies have shown that organic
material that has been digested by benthic tovertebratesis more readily degraded by
subsequentbacterial activity (Hargrave, 1975; Swift et al., 1979). This suggests thatthe

slower organic matter degradation observed to anoxic environmentsmay not depend on

a lesser efficiency of anaerobic bacteriacompared to aerobicbacteria, but to the lack of

an intermediate step of decomposition through metazoans before bacterial attack

(Emersonand Hedges, 1988).
The high organic carbon content of the GBZ sediments is a consequence of the

combtoation of different factors which promoted the preservation of organic matter.

Firstly, they were deposited under permanentlyanoxic and sulphidicconditions. These

conditionswere lethal to any benthic metazoans and therefore suppressedan important
source of degradation. Moreover, the shallow water and the domlnance of anoxic

conditions in the water column resulted in a short residence time of the dead organic
matter in oxygenated waters.

A high contribution of bacterial biomass (methylotrophs and/or chemoautotrophs
and/or cyanobacteria)living at the redoxclineIn the watercolumncan be taferred from

the presence of high concentrationsof hopanes in the GBZ. In some samplesthe hopanes
are present in concentrationsup to an order ofmagnitude higherthan steranes. Hopanes
are known only from prokariotic organismsand are thought to be retoforcers of the cell

membranes. Sterols have the same function to eukariotic organismsand are exclusively
presentto eukariotes(Ourissonet al., 1987). Hopaneand steranesoccur to approximately
the same proportions of the body weight of the respective organisms(0.1-2 mg/g dry wt).
Assumlng that the preservation potential of steranes and hopanes ls the same, the

domlnance of hopanes over steranes would mean that the organic matter of the GBZ

containsmorebacterial than eukariotic biomass. Therefore, I suggest that cyanobacteria
andpossiblychemoautotrophicbacteria (which are known to producehopanes; Ourisson

et al., 1987) formed a bacterial plate at the anoxic-oxlc Interface and substantially
contributed to the primary productivityin the GBZ (Fig. 6.1). Recent examples of high
concentrations of bacteria (bacterial plates) at the oxlc-anoxlc Interface such as the

Black Sea (Dickman and Artuz, 1978), Jellyfish Lake, Palau (Burnett et al. 1989), Big
Soda Lake, Nevada, USA (Zehret al., 1987), SaelenvannEstuary,Norway (Indreba et al..
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Fig. 6.1 Model of the depositionalenvironmentof the GBZ basin. Sedimentationin
the basin was influenced by two main factors: the periodic deposition of
carbonate mud turbidites and the presence of a bacterial plate at the anoxic-

oxic Interface to the watercolumn.

(1979a,b) and Fayetteville Lake, New York (Culverand Brunskill, 1969) may represent
present-day analoguesof the GBZ. In some of the the above examples, anaerobic and

aerobic photosynthetic bacteria living at the oxic-anoxic Interface represent one of the

main primary producerswithin the basins (e.g. Dickman and Artuz, 1976; Culver and

Brunskill, 1968).
This model is also supported by the extremely high content of VO-porphyrinsIn the

GBZ (approximately 1000 ppm; Thomas and Blumer, 1964). Water column studies to

recent environmentssuggest that rapid transportinto anoxic waters is essential for the

preservation of Chlorophyll and its derivatives (the precursors of porphyrins) in

sediments (Baker and Louda, 1986). In analogy, considering cyanobacteria as the

primary producers in the GBZ, they must also have been the major suppliers of

Chlorophyll. As the bacteria died, they sank directly into the anoxic waters, leading to

the accumulationof high amounts of porphyrins. The exlstenceof a bacterial plate to

the GBZ basin is supported by the very negative carbon isotopic compositions of the

organicmatterand by the correlation between biomarkersparameters. In particular, the
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terpane-sterane ratios and the n-alkane hopane ratlos indicate the presence of high
quantities of bacterial biomass in sampleswhich are mostdepleted to 13C.

In general, negativeshifts In the isotopic composition of organicmatter of planktonlc

organismsare observed at times of low productivity or when high concentrationsof CO2
in the surfacewaters are present (Arthurat al., 1988, Calderand Parker, 1973; Hollander,

1989). During periods of high productivity a general trend towardsmorepositive carbon

isotopic composition of OM and Inorganic carbon is observed and is due to either a

reservoir effect or a high demand of CO2 from the photosynthetic organisms (e.g.
Hollander, 1989). Thus, lf the GBZ were characterized by high productivity, positive,
ratherthan negative carbon Isotope shifts to the organic matterwould be expected.An

isotopic study of the bacterial plate in the FayettevilleLake has shown that the different

bacterial species in the plate are depleted to 13C by 10 to 20%owith respect to

phytoplankton (Fry, 1986). A significant contribution of bacterial biomass to the

sediment would, therefore, result in a depletion of the overall carbon isotope

composition of the resulüng kerogen. By analogy,it can be concludedthat the negative
carbon isotope compositions of the organic matter to the GBZ ls associated with the

incorporationof bacterial biomass into the kerogen.
The preservation of OM can also be enhanced by the presence of chemolitho-

heterotrophlc bacteria which utilize inorganic Compounds as an energy source and

organic carbon as a source of carbon. Although they do not synthesize new organic
carbon from CO2. they assimilate organic matter much more efficiently than the

heterotrophsand, therefore, conserve biomass more efficiently (Jorgensen, 1989).

6.6 Controls onDolomiteFormationin the GBZ.

The geochemical, sedimentological and petrographic data indicate that

dolomitizationin the GBZ oecurred soon after depositionof the sediments and close to

the sediment-water Interface.The sulfur isotope compositions of pyrite togetherwith the

carbon isotope compositions of dolomite indicate that dolomitizationoecurred to the

sulfate reduetion zone of organic matter diagenesis in a relatively open pore-water
System. In recent sediments the depth of sulfate depletionin slowfydeposited sediments
is generally >2m, which is greaterthen the depth inferred for dolomitization to the GBZ.

The lack of extreme values to 813C Indicatesthat in the GBZ sediments the carbon

isotope signature of the dolomite was controlled by the high carbonate content of the

sediments prior to dolomitization. A contribution of approximately20% of carbon

derived from organic matter decomposition can be estimated by mass balance

calculations.

Although dolomite ls thermodynamlcallystable in seawater, which ls approximately
20 times supersaturated with respectto dolomite (Bathurst, 1975), it forrns only a minor
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part of the carbonates to normal marine environments. Many different ktoetic factors

have been proposed as dolomite tohibitors and the toterplay of all of these factors

control the extent of dolomitization (e.g. Machel and Mountjoy, 1986; Hardie, 1987). The

dolomite problem, however, is not only a chemical one but also a hydrological one
because a major factor is always the source of Mg ions. Experimental studieshave shown

that sulfate retardsdolomite formation at high temperatures (Baker and Kastner, 1981)

On the basis of these experiments, the occurrence of dolomite to anoxic sedimentshas

often been attributed to the depletion of sulfate to the pore-waters through bacterial

activity. This Interpretation has been challenged by various authors (e.g. Morrow and

Ricketts, 1986; Compton, 1988) and is toconsistent with numerous occurrences of

dolomite to sulfate-rich environments (Bathurst, 1975; Eugster and Hardie, 1978;

Hardie, 1987). The geochemical evidence for an open-systemdiagenesisto the GBZ is in

agreement with these latter studies and suggests that the most important control on

dolomite precipitation was an increase In carbonate alkalinity produced by organic
matter degradationthroughsulfate reduetionratherthan a depletion to SO4.

Pervasive early diageneticdolomitizationrequires high quantities of Mg, whereby a

lack of dolomitizationis often a consequence of the low Mg-availability as a result of

high Sedimentationrates. The trace metal calculations suggest that the extensive

dolomitizationin the GBZ was possible because of extremely slow Sedimentation rates.

Slow Sedimentation would have prolonged interaction with marine waters and

permitted Mg diffusion into the sediments leadingto complete dolomitization.
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Appendix B

Calculationmethod of trace metal bioconcentration.

Excess Metal = Me Samp.
- (TOCgamp.X [ Me/TOC]piancton).

[ Me/TOC]piankton was calculated from the literaturedata compilation of Arthuret

al 1990, assuming that carbonis 40wt% of dry organicmatter.
The ratio is thenmultiplied by 1.42 to take into account a carbondiagenetic loss of

30%.

The corrected Metal/OC ratios used are:

Ni:= 0.27

V = 0.11

Zn= 3.92

Cu= 0.4

Pb= 0.21
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Appendix C cont.

Carbon and oxygen isotope composition of the dolomites from the SalvatoreDolomite

Sample d13C(PDB) d18Q (PDB)

SB23-1 -0.17 -3.45

SB23-1 0.52 -6.18

SB27-1 -0.80 -9.98

SB 27-2 -5.61 -7.20

SB27.1 1.12 -5.03

SB28 -0.86 -5.49

SB28 1.56 -3.45

Rol 2.07 -4.33

ROI 1.63 -2.31

ROI 1.49 -5.05

ROl-1 2.51 -2.68

ROl-2 1.53 -2.65

ROl-3 1.37 -4.69

R04 1.48 -4.56

R04 2.16 -1.71

SB 53 2.25 -2.46

SALV3 0.29 -3.38

LAV2 1.28 -5.63

LAV3 0.98 -4.46

LAV4 0.97 -4.26

SALV 5A 0.34 -5.24

SB52 0.78 -3.38

SB52 -0.01 -5.88

SB29 -0.98 -3.05

SB 30 -1.63 -5.45
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APPENDIX D

Total Ion current gas chromatograms (TIC) of the aturated hydrocarbonfraction and
mass fragmentogrmsof the Hopanes (m/z 191), steranes (m/z 217) and diasteranes(m/z
218) of the studiedsamples.
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