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Abstract

SEDIMENTARY FACIES, ORGANIC FACIES, AND HYDROCARBON
GENERATION IN EVAPORITE SEDIMENTS OF
THE MULHOUSE BASIN, FRANCE
by

Peter Michael Hofmann

Advisor: Prof. B. Charlotte Schreiber

The sediments of the 8§ unit (lower Oligocene) of the
Mulhouse Basin, France, display lithofacies characteristic
for the deposition in a perennial evaporitic laks that
received frequent marine influx. The sediments of the
S unit consist of marls, anhydrites (deposited as gypsum),

and halite.

The organic content of these sediments stems from algal
and most likely bacterial sources. Terrigenous, plant-
derived organic matter comprises on average less than 10%
of the total organic matter. The mass of the organic
matter is concentrated in the marl lithofacies (up to 4.5%
TOC), which display a varve-like lamination. The
anhydrite and halite lithofacies contain only minor
amounts of organic matter (on average less than 0.5% TOC).

Based on the maceral content and the molecular composition

of the extractable organic matter, two organic facies have . .




been identified (A and B). The organic facies correlate
with distinct lithofacies. It therefore appears that the
deposition of sediments and their organic content was

governed by the physical conditions of the lakse.

The accumulation of organic matter-rich sediments in the
S unit of the Mulhouse Basin is thought to have been
favored by a high paleoproductivity and good to excellent
preservation conditions. Low sedimentation rates in

conjunction with elevated salinities led to the

accumulation of marls rich in organic matter.

The kerogens of the S unit can be classified as tvpe II.
The organic matter from the sites Amelie II and Berrwiller
is immature and corresponds to a maturity level of 0.35
and 0.45% vitrinite reflectance, respectively. Petroleum
formation resulted in significantly higher amounts of
bitumen as expected <from shale source rocks of this
maturity level. The bitumens are dominated by asphaltenes

and NSO-compounds and contain less than 50% hydrocarbons.

In the maturity interval from 0.35~0.45% R , hydrocarbon
generation took place in all lithofacies of the S unit.
Hydrocarbons formed via kerogen conversion in the marl-
dominated sediments and via asphaltene/NSO-compound

conversion in anhydrite~dominated lithofacies.







vi

The massive anhydrites of the S unit have already expelled
hydrocarbons. The naphthalene patterns of this
lithofacies show fractionation effects that resulted from

water washing during the phase transition from gypsum to

anhydrite.
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1. GEWERAL INTRODUCTION

Evaporites have received renewed attention over the last
few decades. The rising interest was initially generated
by sedimentoleogists (Shearman, 1963; Hardie and Eugster,
1871; Schreiber et al., 1876y who recognized that
evaporites cannot only be treated as chemical
precipitates, but can also be interpreted as sediments
with facies assemblages characteristic of the environment
of deposition. The understanding of evaporite
sedimentation was greatly advanced by the study of modern
evaporite depositional settings such as the sabkhas of the
Persian Gulf {Shearman, 1963; Purser, 1285), the
continental salt lakes of western WNorth America and
eastern Africa ({Eugster and Hardie, 18%78), the gypsum
lakes of southern Australia (Warren, 198%), and modern
marine salinas all over the world (Javor, 1989, and
references therein). The combined woxrk of
sedimentologists and biologists on modern salt works
(salinas) emphasized the intricate relationship between
the evaporating brine and its oxganic matter content
(Evans and Kirkland, 1%88; Gerdes and Krumbein, 1987: Orti
Cabo et al., 1984; Cornee, 1988, 1584; Javor, 198%). The
evolving knowledge that evaporite depositional
environments are, contrary to common belief, not locales
of death, but rather are teaming with life and supersede

even the most productive oceanic realms with respect to







primary bioproductivity led petroleum geologists to
propose evaporites as petroleum source rocks (Friedman,
1980; Evans and Kirkland, 1988; Xirkland and Evans, 1981;
Eugster, 1985; Warren, 1986). Evidence that carbonate and
evaporite source rocks have contributed tc some of the
world’s major oil resexrves (Palacas, 1984, and references
therein) and the peculiar chemistxry of the organic content
of many evaporite deposits (Connan et al., 1986; ten Haven
et al. 1988, 1985; Sinninghe Damsté et al., 1988, 1986;
Mello et al., 1988a, 1988b) have led to intensive research
efforts to improve the understanding of evaporite source
rock formation and how petroleum is generated from

evaporite rocks.

The aim of this dissertation is to understand the
processes that lead to the formation of a particular
organic matter-rich ancient evaporite deposit and to gain
better insight into how petroleum is formed in this
deposit at low maturity ranges. For this purpcse, a known
organic matter-rich interval from the Oligocene evaporites
of the Mulhouse Basin in France was selected for detailed

investigation.

Paxt One of this dissertation focuses on the sedimentology
and organic matter content of the S unit, a particularly
organic matter-rich unit, from the evaporites of the

~Mulhouse Basin. The paleodepositional environment is







reconstructed and the interaction Dbetween organic and
anorganic sedimentation is delineated. The second part of
this dissertation is concerned with the formation of
bitumen and hydrocarbons from the organic matter of the

S unit.













2. METHODOLOSY

The methods applied are depicted in Fig. 1 and described
in detail in the following paragraphs. Samples subjected
to the analytical techniques listed below were selected to
cover the entire stratigraphic interval studied. Special
emphasis was placed on the multiple sampling of the
sedimentary facies defined in Chapter 3. Between 3 and 22
samples of each sedimentary facies were analyzed for each

sampling site.

2.1 BSedimentary Petrology

A detailed petrographic study was performed with the aim
of subdividing the stratigraphic section into individual
sedimentary facies and to determine the overall
depositional environment. Based on these obsexrvations,
representative examples of each recognized facies were
selected for additional, more detailed analysis with

techniques listed below.

A thin section of each sample was prepared to determine
the mineralogy of each mineral species and to characterize
their distribution and morphologies. Additional emphasis
was placed on the identification of diagenetic overprints

to gain insight into post-depositional changes.
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To determine the overall mineralogy of each sample, a
number of samples of each sedimentary facies were prepared
for =x-ray diffractometry. A representative portion of
approximately 5 grams was hand ground to a fine powder
(<63 pm). Parts of the sample were then loaded into a
sample holder following the procedures specified in Brown
and Brindley (1980) to prepare an unoriented sample. The
powder was analyzed on a PW 1700 Automated Powder
Diffractometer System manufactured by Phillips. The
analysis conditions were: generator setting 40kV/40mA, Cu

k-alpha cathode (2 wave length: 1.54060 Ang.,

=

1.54439 Ang.), step scan (0.050 deg., 20 s/deg.).
monochromator was used. FEach run was scanned from 2° theta
to 80° theta. A major phase search with the 1983 PDF

program was performed on the resulting reflection pattern.

The clay mnmineralogy of 13 marl samples covering the
studied stratigraphic interval was gualitatively
determined by x-ray diffractometry using procedures
outlined by Moore and Reynolds (198%) and Elsinger and
Pevear (1988). Each sample was analyzed in air dried,
glycolated, HC1l treated, in cation saturated (NHT, Ca’t)
condition and heated to 1006°C and 530°%C. The final
determination of the mineralogic composition was based on
a determinative flow chart of Reynolds published in

Elsinger and Pevear (1988).







2.2 Organic Petrology

For microscopic studies, 85 samples representing all
sedimentary facies were selected. A slab of each sample
was ecmbedded in an epoxy resin. One side of the resultant
block, oriented perpendicular to bedding, was polished
using successively finer abrasives, and then polished with
a Wirtz TG 200 polishing machine using 0.0%5 gum aluminium

powder dispersed in an alcohol.

Macerals were classified following Stach et al. (1982)
into liptinites (alginites and liptodetrinites),
vitrinites, and inertinites by observation in blue light

fluorescence and reflected white light, respectively.

The maceral composition was analyzed using a Swift/Prioxr 7
point counter. Under 600X magnification, first the organic
particles identifiable in reflected white light
{vitrinite, inertinite) were counted, followed by a second
Cbunt under blue light excitation, which allows the
identification of liptinite particles. A total of 750
points per polished block of thin section was analyzed in
each mode. From these counts, wvolume percentages of the
total maceral content were calculated. The percentage of
terrigenous versus aquatic organic matter was determined

by classifying alginites and 1liptodetrinites as aquatic







organic matter and vitrinites, sporinites, and inertinites

as terrigenous organic matter.

Organic carbon accumulation rates (OCAR) were calculated

according to the following equation:

OCAR (g/em?yr) =

sedimentation rate (cm/yr) x sediment density (g/em>) x TOC/100

where TOC corresponds to total organic carbon content.

Sediment density (SD) was calculated according to the

following equations:

SD (g/em®) = (1-(TOC/100)) x 2.9 glem® + (TOC/100) x 1.2 glem®

where 2.9 g/cm3 is the density of the organic-carbon-
free rock and 1.2 g/cm® the density of the organic

matter, respectively.

The calculations are adapted version of formulas presented

by Stein and Littke (1990) for the same parameters.

Terrigenous and aguatic organic matter accumulation rates

(TORCAR and AORCAR, respectively) are determined by







TORCAR OCAR x percent of terrigenous organic matter

AQRCAR OCAR x percent of aquatic organic matter

Vitrinite reflectance measurements were made with a Zeiss
Photomicroscope III in oil immersion at a wave length of
546 nm using a measuring blind of Bum diameter. Data were

processed by HP 8916S hardware combined with Zeiss Coflex

software.

2.3 Geochemical Analysis

Total carbon (TC) determinations were made with a LECO
IR-112 carbon analyzer. The same instrument was used for
total oxganic carbon (TOC) measurements after removal of
carbonate with hydrochloric acid. Carbonate contents were

calculated by difference and expressed as percent CaCo,.

Rock-Eval pyrolysis was performed according to the method
described by Espitalié et al. (1977) with a Rock-Eval II-

tvpe instrument (GEOCOHM).

A modified flow blending technigue (Radke et al., 1978)
was used to extract the ground sediment samples with a
mixture of dichloromethane and methanol (99:1 v/v). Total
extracts were separated into saturated hydrocarbons,
aromatic hydrocarbons, and heteroccomponents by medium

. pressure liquid chromatography (Radke et al., 1980).
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The saturated hydrocarbons were analyzed using a Hewlett-
Packard 5710A gas chromatograph eguipped with a fused
silica capillary column of 25 m length, 0.32 mm internal
agiameter, coated with poly-(methyl(95%)~-
phenyl(5%)siloxane) of 0.26 gm film thickness. The oven
temperature was programmed to rise from 80°C to 300°C at
4°C/min. Helium was used as the carrier gas. Sample
introduction was performed by a programmed-temperature
injection system. The split ratio was about 1:100.
Selected n-alkanes and isoprenoids were quantified by
internal standardigation with 5-alpha androstane applied

prior to extraction.

The aromatic hydrocarbon fractions were analyzed by a
Hewlett-Packard 5731A gas chromatograph equipped with a
programmed-temperature injection system (KAS) and a fused
silica Ultra #2 capillary column of 50 m length, 0.20 mm
internal diameter, coated with cross-linked poly(methyl-
(95%)-phenyl{5%)siloxane) of (.33 gm film thickness. The
temperature was programmed to rise from 120°C {hold
2 min.) to 310°C at 3°/min. Helium was used as the carrier
gas. Selected naphthalenes and phenanthrenes were
quantified by internal standardization with five aromatic
standards added prior to extraction. Corrections for

evaporation losses were applied.
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3. FACIES RELATIONSHIPS AND DEPOSITIONAY, ENVIRONMENTS

3.1 Iptroduction

The first part of this dissertation focuses on the
sedimentology and characterization of the oxganic content
of the S unit of the Mulhouse Basin. The emphasis of this
part of the study was to determine the conditions required
for the accumulation and preservation of organic matter in
an evaporite depositional environment. Only in recent
years have geologists and organic geochemists recognized
the source rock potential of some evaporite suites.
During the past 20 vyears, researchers have been able to
document that, contrary to common belief, evaporitic
enviromments provide ideal conditions for source rock
formation (Kirkland and Evans, 1881 Bugster, 1885;
Sonnenfeld, 1985; Warren, 18986; Evans and Kirkland, 1988).
This change in opinion stems from the work of biologists
and geoclogists in modern evaporite envirouments who showed
that 1) bioproductivity is very high, even higher than in
the most productive zones of the ocean (Warren, 1986;
Cornee, 1988), and 2) the preservation potential in the
depositional environment is good, because anoxic
conditions wusually prevail and burrowing and grazing
organisms are sparse or absent. Therefore, if the organic
matter can be preserved during the diagenesis o0f the

evaporite sequence, organic matter-rich source rocks can
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be expected. Evaporites can form in many different
environments (e.qg. Schreiber, 1986); crganic matter
production, preservation and destruction are dictated by
the physical conditions of each particular setting. Thus
far, however, only a few studies (e.g. Comnnan et al.,
1986) have integrated sedimentology and organic
geochemistry in order to understand the organic content of
an evaporite deposit. In the following chapters, the
conditions that lead to the accumulation and preservation

of organic matter for one specific evaporite depositional

environment are discussed in detail.
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3.2 Geological Overview

The Rhine Graben is the central segment of the western
European rift system (Fig. 2), which stretches from the
Mediterranean Sea +to the North Sea. The upper Rhine
Graben segment extends from Basel, Switzerland, to
Frankfurt am Main, Germany, and is approximately 300 km
long and on average 37 km wide. The general strike of the
graben as outlined by the graben boundary faults is SSW-
NNE (Illies, 1974). Rifting in the Rhine Graben area
began in the mid-Eocene (Illies and Greiner, 1978),
following a long (beginning in the Cretaceous) period of
mantle uplift and surface volcanic eruptions, which were
widespread over the future graben and its shoulders
(Baranyi et al., 1976; HNeugebauer and Temme, 1981). The
beginning of rift valley subsidence is indicated by fresh
water deposits of mid-Eocene age (Doebl, 1970). Most of
the graben subsidence occurred from the middle Eocene to
early Miocene as a result of approximately 6 km of crustal
extension (Illies, 1972; Villemin et al., 1984). Even
though the overall extension is similar throughout the
upper Rhine Graben, major differences exist between the
northern and southern Rhine Graben. The northern Rhine
Graben is characterized by extensional processes that have
been active during the last 40 million vears, whereas in

the south, 10 million vyears of active extension was
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Fig. 2: Position of the Rhine Graben Segment in the
Western European Rift System (modified after
Pflug, 1982). o
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followed by a 30 million vear pericd of thermal subsidence
(Villemin et al., 1986). The different thermal histories
cf the northern and southern parts of the graben resulted
in a differential subsidence of the graben segments
starting in the FEocene (Sittler, 1868 Doebl and
Teichmiiller, 1979), which led to differentiation of the
overall rift valley into a number of subbasins (Fig. 3).
In the southern part of the Rhine Graben, four subbasins
can be recognized; the Pechelbronn Basin, the Strasbourg
Basin, the Selestat Basin and the Mulhouse Basin (Roll,
1879). Bach of these subbasins contains evaporite
deposits of Eocene to early Oligocene age (Blanc-Valleron,
1991). The paleogeographic situation of the Rhine Graben
during the late Eocene to early Oligocene is characterized
by an intracontinental rift basin, which at its southern
fringe was sporadically connected to the Alpine foredeep

through Burgundy via the Bresse Graben (Ziegler, 1988).

The Mulhouse Basin has received attention since the turn
of the century, when extensive potash salt deposits were
discovered (Fdrster, 1911). Exploitation of the potash
deposits continues today and has led to extensive
geological surveys of this subbasin (e.g. Blanc-Valleron,
1991; Martini, 1973; Courtot et al., 1972; Sturmfels,
1943; Maikovsky, 1941). The most recent survey led to the

detailed geological mapping of the Upper Salt Formation







is

TERTIARY RHINE GRABEN EVAPORITES

Potassium Saits + Hefits + Sulnhstes

Halite + Sulghates

Sulphates

undifferemisted Graben &

ignsous + Metamorphic Rocks

Mesozele Segiments

Fig. 3: Location of the evaporite-bearing subbasins of
the southern Rhine Graben (modified after Blanc-
‘Valleron, 139%1).
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(Blanc~-Valleron and Gannat, 1985) and reveals significant
insights into the paleobasin morphology. Blanc-=Valleron
(1986) demonstrated that parts of the lower Oligocene
Upper Salt Formation of the Mulhouse Basin are
particularly rich in organic matter {up te 7% TOC).
Blanc-Valleron et al. (1981, 198%) also noted that the
organic and inorganic sedimentation appeared to follow a
cyclic sedimentation pattern, which she and her co-workers
attributed to climate variations controlled by

astronomical phenomena.

The association of organic matter-rich sgediments with
evaporites in the Upper Salt Formation of the Mulhouse
Basin makes this stratigraphic interval highly attractive
foxr the study of the interdependence of evaporite and
organic matter sedimentation. Furthermore, the vast
amount of information already present in the literature
and the good accessibility of this stratigraphic interval
in mining outcrops due to the ccurtesy of Mines de Potassé
d’Alsace make this stratigraphic interval an ideal place

for the study of organic matter in evaporites.
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3.3 Stratigraphy

The stratigraphy of the Mulhouse Basin has been summarized
by a number of authors (e.g. Sittler, 1972, 1983, 1985;
Courtot et al., 1872; Blanc-Valleron and Gannat, 1985).
The emphasis of many of these authors was the correlation
of the sedimentary £ills of the wvarious subbasins of the
upper Rhine  Graben. For working  purposes, the
stratigraphic charts of Blanc-Valleron and Gannat (1985)
are the most convenient (Fig. 4) because they contain very
detailed lithostratigraphic charts based on the extensive

geological database of the Mines de Potassé d’‘Alsace.

The stratigraphy of the Mulhouse Basin (Fig. 4) shows the
presence of several evaporite-dominated salt formations.
The Salt IV of the Upper Salt Formation has received the
most attention because of the presence of commercially
exploitable potash salts (CI and CS units). The salts are
located in the lower part of the Salt IV. Blanc-Valleron
{(1986) recognized the presence of organic matter-rich
marls just below and above the potash salts (81 to
T unit), with the highest organic matter concentrated in
the S unit (Fig. 4). The commercial exploitation of the
potash salts allows easy access to the S1 to CI units. A
detailed lithostratigraphic column of this interval
measured at the Amelie II mine is depicted in Fig. 3 (see

Fig. 6 for location).
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The base of the section consists of the top of the
S1 unit. The S1 unit is compecsed of milky white halite
beds (up to several meters thick) separated by thinner
intervals (<l m) of marl and anhydrite. The S1 unit is
topped by the § unit. The contact is marked by the
presence of anhydrite and marl bedes (up to 10 cm thick).
The S unit consists of a sequence of marls, anhydrites,
and, to a minor extent, halite beds. At traverse 830 at
Amelie II the S unit has a thickness of 5.6 m. Above the
S unit is the MI unit, which is similar in character to
the 81 unit. Several meter-thick, milky-white halite beds
are disrupted by three intercalations (up to 50 cm thick)
of marl and anhydrite. The boundary of the MI and CI
units is a 25 cm thick merl-dominated bed with minor
amounts of anhydrite, the “Faux MNur de Marne." It 1is
overlain by several beds of potash salt. The potash salt
occurs as a banded salt of alternating halite and sylvite
dominated layers. The sylvite layers are colored red by

hematite inclusions (Sturmfels, 1943).

The primary target of this dissertation, the § unit, could
be sampled in mine outcrops owing to the courtesy of the
Mines de Potassé d'Alsace at three leocations: BAmelie II,
Berrwiller, and Ungersheim (Fig. 6). All of these
locations were in the central area of the Mulhouse Basin

during the deposition of the § to T§ units.
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The S unit reaches & thickness of 5.60 m at Amelie and
4.25 m at Ungersheim. The total thickness at Berrwiller
could not be determined because only the top 2.80 m are
exposed at the mine outcrop. At each of the locations,
the S unit contains marl and anhydrite beds: halite is
exposed only at Amelie II and Ungersheim (Fig. 7). The
lithofacies, however, are the same at each of these
locations, as 1is demonstrated in the following sub-

chapters.
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3.4 Facles Description

As pointed out above, the organic matter content of the
S unit is by far the highest in this stratigraphic
intexrval. 1In order tc understand the relationship between
organic and inorganic sedimentation, a detailed facies
analysis is performed to reconstruct the palecdepositional

environment.

3.4.1 HMarl

Marls occur in layers varying from 1 cm up to 30 cm in

thickness. Each marl layer shows continuous, bedding-
parallel laminae. The laminae are defined by colox
variations from dark brown to light gray. Alternating

laminae are composed of either predominantly clay or
micritic carbonate (Fig. 8). The clay and carbonate
layers form alternating couplets. The clay-rich layers
consist predominantly of quartz and illite, with minox
amounts of kaolinite. Only twe samples also contain
traces of chlorite, specifically the "a" laver and the
"Faux Mur de Marne" from the section at Amelie II. The
carbonate~-rich layers are mainly composed of calcite with
minor amounts of dolomite and ankerite. Pyxrite occurs in

each sample in the form of framboids and as subhedral to

euhedral cubic crystals, and appears to be enriched in







Fig. 8: Photomicrograph of a laminated marl sample.
Note alternating c¢lay and carbonate laminae.
(Plane-polarized light. Field of view is 8 mm

wide).
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zones that are xich in clay minerals and organic matter.
Halite and the sulfate minerals gypsum and anhydrite are
alsc present in some samples, but are restricted to vein
and/or microfracture fillings. Halite also occurs as
replacive euhedral to subhedral cubes and plates up to

3 cm thick.

Foraminifera-rich lavers are present in many marl units
(Fig. 9). The layers are up to several tenths of a
millimeter thick and composed of foraminifera tests
together with detrital minerals. The tests are in most
cases well preserved (Fig. 10) and are sometimes partially
replaced by framboidal pyrite. The foraminifera-rich
layers occur at irregular intervals. The identification
of the foraminifera-rich layers was only possible by
observation in blue light fluorescence on polished slabs,
and were first identified by B.C. Schreiber (personal
communication). The occurrence of abundant foraminifera
in the marls of the S unit of the Mulhouse Basin was

reported for the first time by Hofmann and Leythaeuser

%

(18%1). Previous workers (e.g. BRlanc-Valleron, 1991

T

Schuler, 1988} did not recognize the presence of these
fossils, most 1likely because of the destruction of the
fossils when standard petrographical and palynological
techniques were applied. No attempts were made to

identify individual genera of the foraminifera assemblage.







Fig. 9

28

: Photomicrograph of a foraminifera-rich layer.

. (Blue light. Field of view is 360 um wide).
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Photomicrograph of a foraminifera test. The
test has been replaced by pyrite. (Blue light.
Field of view is 200 um wide). S
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However, most species seem te be of marine planktonic
origin; benthic foraminifera appear to be sparse or absent

(B.C. Schreiber, personal communication).

The marls can be further subdivided into two distinct
facies, type A and type B. Marls of type A are usually
light brown to dark brown (Fig. 11). This facies is
characterized by well developed submillimeter thick
clay/carbonate couplets. The clay-rich laminae of marls
of type A contain algal detritus and closely stacked
layers of organic matter (Fig. 12). Layers composed of
tests of planktonic foraminifera up to several tenths of a

millimeter in thickness are common.

Marls of type B are a light gray to steel gray color (Fig.
13;. Marls of type B display, on the average, thicker
carbonate/clay couplets than do marls of type A. Clay-
rich laminae containing stacked layers of amorphous
organic matter are absent in the marls of type B {(Fig. 12;
see also Organic Petrography Section), and foraminifera-
rich layers occur less commonly compared to marls of typs

A,







Fig. 11: Photograph of a sample of marl of type A. ©Note
well-developed and well-preserved lamination.
(Scale is in cm).. . -
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3.4.2 Anhydrite

3.4.2.1 Nodular Anhydrite and ILenticular Anhydrite

Nodular anhydrite occurs in 0.5 - 1.5 cm thick layers in a
marl matrix. The nodules occur either as discrets,
semicircular aggregates up to 5 mm thick or form layers of
aggregates that have fused together. The nodules appear
to have grown displacively in the marl matrix and deform
the surrounding sediment. The nodules consist either of
anhedral anhydrite crystals or are formed by aggregates of
lenticular anhydrite. A lenticular anhydrite aggregate is
composed of anhedral anhydrite crystals that may have
incorporated pyrite. Nodular anhydrite occurs exclusively

in a matrix of marls of type A.

Layers composed cf lenticular anhydrite are up to 2 cm
thick (Fig. 14). The lenticular-shaped aggregates grew
displacively in a marl matrix (Fig. 15), which was as a
conseguence compacted and deformed. The aggregates are
composed of anhedral anhydrite crystals that in some cases
have incorporated pyrite. Pyrite seems to be especially
common in this facies, where it coccurs as framboids and as
euvhedral to subhedral crystals (up to 2 mm in size). The
boundary of each lenticular sulfate aggregate is not

sharp, but rather shows slight off-sets. Layers of
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Fig. 14: Photograph of a polished, lenticular anhydrite
sample. (Scale'is in cm).







Fig.
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Photomicrograph  of a lenticular anhydrite
sample. Note the deformed marl matrix. (Field

- of view is 5.7 mm wide).
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lenticular anhydrite are especially common in marls of

type A, particularly within zones enriched in organic

matter.
3.4.2.2 Iawinated Anhvdrite

Laminated anhydrite consists of lavers of anhydrite (up to
2 cm thick) altermating with marl layers {(up to 0.2 cm
thick) that contain sparse foraminifera (Fig. 16}). The
anhydrite layers are composed of crystals with wvarious
morphologies. Some layers are rich in V-shaped crystal
outlines composed of polycrystalline anhydrite (Fig. 17);
others also contain prismatic and 1lenticular crystal
outlines or largexr patches that are made up of anhedral
anhydrite. The pore space between the anhydrite crystals
is filled either with clear halite cement (Fig. 18) or
euvhedral to subhedral carbonate rhombs. Halite~filled
pores have in some cases maintained an overall cubic
shape, which could indicate that halite was already
present during sediment deposition. The interbedded clay-
rich seams follow the contours of the top of each
anhydrite layer, and in some samples, foraminifera tests
have been observed in these seams. Large, V-shaped,
polycrystalline anhydrite crystal outlines are often

located on top of deformed clay-rich seams.
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Fig. 17: V-shaped crystal outline of polycrystalline
anhydrite, pseudomorphic after gypsum. (Crossed
_polars. Field of view is 360 pm wide). . =







Fig. 18:

Photomicrograph  of the laminated anhydrite

lithofacies. The lamination 1is defined by
alternating anhydrite and marl layers. The
clear white areas are halite cement. (Plane-

.polarized light. Field of view is 5.7 mm wide}. . — .
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3.4.2.3 Hassive Anhydrite

Massive anhydrite occurs in 1-10 cm thick layers (Fig.
19). In cut hand samples it is light gray to dark steel
gray. The massive layers are sometimes disrupted by
widely spaced, bedding parallel, clay-rich seams, which
can be up to 5 mm thick. The anhydrite is composed of a
dense network of prismatic, randomly oriented crystals
(Fig. 20). Rarely, two prismatic anhydrite crystals have
grown together to form V-shaped double crystals. The pore
space between the anhydrite network is filled with clear
halite cement or with dolomite rhombs. Dolomite can also

replace anhydrite.

Minor amounts of dispersed pyrite occurs as subhedral to

euhedral cubic crystals.

3.4.3 Ealite

rs

In the marl- and anhydrite-dominated § unit at Amelie II,
halite forms one 7 cm thick massive laver in the lower
part of the unit. However, it also has been ocbserved in
other samples, where it occurs either in layers (up to
2 cm thick; Fig. 21) with irregular boundaries or

distributed in patches.
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Fig. 19: Photograph of a slab taken from the massive
. anhydrite lithofacies. (Scale is in cm).







43

Fig. 20

Photomicrograph of the massive anhydrite
lithefacies. Note the dense network of
prismatic crystals. (Crossed polars. Field of

view is 360 um wide)..







Fig. 21: Photograph o
. wide).

f a halite layer. (Sample is 4.5 cm
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In genexral, the halite layers are commonly disrupted by
impurity seams that are composed of clay minerals,
anhydrite and pyrite. Halite occurs in three
morphologies: 1) fluid inclusion-rich  halite with
preserved relic textures in the form of chevrons, cornets
and hoppers (Fig. 22); 2) fluid inclusion-rich and clay-
contaminated cement; and 3) clear cement. Anhydrite and
carbonate minerals are also present. Anhydrite occurs as
needles and rosettes that nucleate on impurity seams and
penetrate neighbouring halite grains. Carbonate, probably
dolomite or ankerite, forms single rhombohedral crystals

dispersed throughout the halite lavers.

The halite~dominated units 81 and MI are characterized by
massive, thick halite beds (up to 8 m) that alternate with
anhydrite and marl beds (up to 30 cm thick). The massive
halite is composed of layers of dark, impurity- and clay-

rich horizons and by clear, impurity-poor horizons.







Photomicrograph o©f a hopper crystal. The
morphology is outlined by fluid inclusions.
(Plane-polarized light. Field of view is 8 mm

- wide). -
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3.5 FACIES HMODEL

In order to understand the dynamics of sedimentation and
the accumulation of organic matter in a paleodepositional
environment, it is essential to develop a model that is
internally consistent and can describe the mode of
formation of each sedimentary facies. Each sediment type,
as well as its organic matter, contains information that
allows constraints to be placed on the palecenvironmental
conditions. The sedimentary structures and the chemistry
of the evaporite minerals, especially within  the
evaporitic environments, allow the reconstruction of the
physical conditions {(e.qg. water salinity, basin
circulation, sediment accumulation rate, position of wave

base, etc.) of a basin.
3.5.1 General Conditions for Bvaporitic Sedimentation

In the following chapter possible modes cof formation for
each of the recognized facies are discussed and a genetic
sequence is developed (i.e. facies model). To ensure a
better understanding of this discussion a few vemarks on

the dynamics of evaporitic systems will be made first.

"Evaporite deposits can form in any region of the earth
where evaporation exceeds rainfall. This can occur in

continental settings, on the margin of a sea in the
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supratidal zone, or within a restricted water body, large
or small" (Schreiber, 1986). Even though all of these
systems have very different geographical settings, they
have a number of characteristics in common. Evaporation
causes a water body to lose H,0 and to become enriched
with respect to dissolved ionms such as Ca?t, Mg?™, Ha®, X%,
co,%, s0,%, and Cl-. As a function of progressive
enrichment, the evaporite brine becomes saturated oxr even
supersaturated with respect to wvariocus minerals, which as
a conseqguence start to precipitate. The mineral seguence
that will be precipitated from a brine depends on the
relative abundance of dissolved ions (Eugster and Hardie,

1978).

In an evaporite seguence that resulted from the continuous
evaporation of seawater, the first minerals to form are
carbonates (aragonite,; calcite and dolomite), followed by
sulfates (dominantly gypsum  and minoxr anhydrite),
chlorites (mainly halite), and potassic salts of wvarious
compositions. This complete precipitation cycle occurs
only in either closed systems that do not receive a
continuous influx of water from outside the system or in
open systems when the water loss caused by evaporation
exceeds by far the inflow of water into the system.
Natural systems, however, rarely show a complete

evaporation cycle and may only reach, for example, sulfate







water. However, the 1idealized mineral precipitation
sequence provides a guideline to the interpretation of the
sedimentary facies and their mineralogical composition in
both modern and ancient evaporite environments. The
interpretation of ancient evaporite environments is
further complicated by mechanical, mineralogical and
chemical changes occurring during the burial of a rock

seguence with time.
3.5.2 Setting

The depecsition of the Eocene/Oligocene evaporite sequence
of the Mulhouse Basin took place in a narrow rift valley
{approximately 30 km wide) that apparently had sporadic
access to the Tethys Ocean to the south (Zieglexr, 1988).
The rift system was episodically flcoded with oceanic
water during its depositional history (Blanc-Valleron,
1991y. Further water input may have been received via
fluvial systems as indicated by freguent conglomeratic
horizons 1in the sediments deposited near the rift
shoulders or from hydrothermal influx along the f{fault
systems (Hardie, 1990; Lowenstein and Spencer, 13%0). The
Mulhouse Basin was most likely occupied by a standing
water body during the deposition of the lower part of the
Salt IV series of the lower Oligocene. Evaporation
exceeded renewed water influx and resulted in & shrinking

- water body and a "bulls-eye" depositional pattern of the
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resulting evaporite sediments (Fig. 4). The geographic
setting provides a framework for the interpretation of the

sedimentary facies of the S1 to CI unit.

3.5.3 PFacies Interpretation

The idealized facies model presented in Fig. 23 summarizes
how the sedimentary facies identified in the S1 to MI unit
are related to each other and which transformations they
undergo during the ensuing compaction and diagenesis.
Post-depositional changes include the compaction-induced
dewatering of clay-rich units and loss of crystal-bound
water, especially during the gypsum/anhydrite phase
transition. Both processes lead to a substantial volume
reduction in the original sediment. It should be noted
that due to these severe diagenetic overprints, the
sedimentary facies that we observe today appear to be only
fragmental relics of the original sedimentary structures

and their mineralogical compositicns.

3.5.3.1 Deposition of Haxrls

The sedimentary faciles are discussed in the sequential
order in which they may have formed in the Mulhouse Basin
during the evaporation cycle. The first facies to form at

the lowest salinities is marl. The most pronounced
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characteristic of these marls is the presence of
millimeter-scale lamination and the high total organic
carbon (TOC) content. It is generally accepted (Xelts and
Hsii, 1978; Eugster, 1980) that +the formation and
preservation of millimeter-scale laminae, characteristic
for so many lacustrine carbonates and oil shales requires
special conditions (Eugster, 1985): 1} episcodically
differentiated particle influx, 2) absence of grazers and
burrowers, 3) lack of strong bottom currents, and 4)
protection from clastic input. Saline lakes normally are
oxygen deficient, with chemical stratification sometimes
enhanced Dby  thermal stratification. Consequently,
processes ©of post-depositional destruction of organic
matter, such as burrowing and grazing, are not esffective,
and thus much of the organic matter that has escaped
destruction prior to and during sedimentation can be

xpected to be preserved in the sediment column (FEugster,

1985).

Eugster (1980) presents two medels that can cause
millimeter scale laminae in lacustrine deposits: the
"Lake Zirich" and "Dead Sea" models. In the “Lake Ziirich

model" (Bradley, 1929; Kelts and Hsii, 1978), annual varves
of carbonate/clay couplets form as a result of different
climatic conditions during summer and winter. Starting in
spring and extending throughout the summer, the warming of

the surface water leads to supersaturation with respect to
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CaCo,. Supersaturation 1is enhanced by algal blcoms that
deplete COZ‘ As a consegquence, carbonate starts to
precipitate. During fall and winter, dead algal material

that settles to the bottom and clastic influx caused by
winter rains form a dark lamina. The result is an annual

carbonate/clay couplet.

Similar couplets have been noted in Dead Sea deposits
(Neev and Emery, 1967). Ca?' and HCO,” are transported via
the Jordan River into the Dead Sea. In response Lo
evaporation, the surface waters become saturated with
respect to CaC0, and a constant rain of carbonate
particles develops. The dark, clay-rich laminae are

caused by episodic floods bringing in detrital material.

The marls of the Mulhouse Basin are very similar to maris
described from Lake Ziirich and other lacustrine varved
sediments (Anderson and Dean, 1988). Both marls display a
distinct lamination caused by 1iight, micrite-rich laminae
that alternate with dark, siliciclastic detritus-rich and
organic matter-rich laminae (Fig. 24). The presencs of
this microfacies association, typical for an annual lake
cycle in a climate with distinctly different climatic
conditions during the spriﬁg/summer and autumn/winter
seasons, suggests that the couplets of the marxls of the

Mulhouse Basin can be interpreted as annual
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Fig. 24: Interpretation of the laminae of the marls of
type A and type B as annual deposits (based on
.. Observations given in Figure 12; P = pyrite).
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deposits. Following the Lake Ziirich model, the carbonate-
dominated zones represent spring/summer deposits, which
were mainly caused by the removal of CC, from the water by
enhanced biological activity. The dark laminae, on the
other hand, are autumn/winter deposits characterized by
the accumulation of dead algal or microbial debris and
clastic matter washed into the lake by winter rains (Fig.
24y. Further support for this interpretation stems from
palynological studies. Schuler (1988) demonstrated that
during the deposition of the 851 to CI unit, Mediterranean-
type climate conditions prevailed in the lower Rhine
Graben area. A Mediterranean climate is characterized by
hot summers and rainy winters, and hence provides ideal

conditions for the formation of laminated sediments.

Not all marl microfacies in the Mulhouse Basin are the
result of an annual deposition cycle. The monotonous
deposition of carbonate/clay couplets is sporadically
disrupted by formanifera-rich layers. Even though most
foraminifera only thrive under normal marine conditions,
some species are also adapted to hypersaline* environments
(Brasier, 1580). However, it appeaxrs unlikely that the
occasional layers of foraminiferal tests are caused by the
sudden death of a foraminifera assemblage that lived in

the hypersaline waters of the Mulhouse Basin. Otherwise a

*Hypersalines Salinity substantially greater than that of
normal seawater.
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more even distribution of foraminifera tests in the
sedimentary section should be expected. it seems more
likely that the layers represent sudden flocd or storm=-
like events, when waters from the Tethys ocean swept into

the hypersaline Mulhouse Basin.

3.5.3.2 Deposition of Anhydrite

If 2 brine continues to become concentrated, and hence
salinity increases, calcium sulfates start to precipitate.
The calcium sulfates can precipitate in three settings: 1)
within the sediment in the pore space from saturated
interstitial brine, 2) at the sediment/water interface
from the surface brine, and 3) im the water column. The
facies that form from the interstitial brine are nodular
and lenticular gypsum and/or anhydrite. The most common
interpretation for nodular anhydrite is that it forms in
supratidal sediments of modern sabkhas from mixed water
brines of marine and continental origin {Butler et al.
1982; Kendall and Warren, 1988). However the S unit shows
no characteristics of supratidal sedimentation.such as mud
cracks, arosional surfaces, and intra-formational
breccias. It is, therefore, believed that the nodular
anhydrite facies formed later from interstitial brines in
the previously deposited marls during a stage when the

surface brine was saturated or even super-saturated with

- respect to gypsum.
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The sulfate nodules grew displacively in the marl matrix
and deformed the surrounding sediment. Some of the
nodules formed as gypsum; others may have formed as
anhydrite. The original gypsum nodules usually can be
recognized in thin section because they are composed of
what is now polycrystalline lenticular anhydrite.
Lenticular crystal morphologies are not known from primary
anhydrite but would have mixed lenticular and barrel-
shaped forms (see Shearman, 1978, for wvariants). Purely
lenticular morphologies are typical for displacive gypsum
that forms in the presence of trace amounts of plant-
derived humic acids and have been grown in algal mats of
the Trucial Coast under experimental conditions (Cody and

Cody, 1988).

Therefore, it appears that organic matter may have plavyed
a key role in the formation of the lenticular anhydrite
morpholegies. The lenticular anhydrite aggregates contain
little or no visible organic matter, however, the marl
matrix surrounding the lenticular aggregates is usually
rich in liptodetrinite layers. Most of the oxrganic matter
content of this facies is contained in the marl matrix.
The localized concentration of organic acid at
sufficiently high levels in these relatively organic-rich
layers, with TOC values up to 1.8%, may have induced the

~growth of lenticular gypsum within this very special
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microenvironment. Generally, most of the rock wolume in
this facies is occupied by anhydrite having a low organic
matter content. In marls with low TOC content, organic
acid concentrations were apparently not sufficient to

result in lenticular gypsum growth.

The lenticular anhydrite facies was also deposited as
gypsum  and subsequently diagenetically altered to
anhydrite. Lenticular gypsum has been noted in algal mats
in modern salinas, where it forms nodules, discontinuous
horizons and continuous thin layers (Orti Cabo et al.,
1984; personal observations). Similar bed forms have also

been noted in the § unit.

The facies that are derived from sulfate deposition at or
near the sediment/water interface are present as laminated
and massive anhydrite. Subaqueous anhydrite is not known
to form as a primary phase in modern evaporite
environments. rusts of selenitic gypsum with a massive
or laminated character, however, are known from both
modern and ancient evaporites (Orti Cabo, 1984;: Warren,
1982; Schreiber et al., 1976; Schreiber, 1988). Relic
morphologies such as V-shaped twins, simple prismatic
crystals, and lenticular crystal outlines have been
observed, particularly in the laminated anhydrite facies.
They have been described in primary modern and ancient

~gypsum (Orti Cabo and Shearman, 1977) and here the
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anhydrite seems to be pseudomorphous after gypsum. The
texture of the massive anhydrite has obliterated most of
the primary depositional features. Only in a few cases
are V-shaped twinned crystal pseudomorphs present. Most
of the massive anhydrite facies is composed of small
prismatic crystals, which have been interpreted by

Shearman (1985) as syndepositional alterations of primary

gypsum.

3.5.3.3 8Halite

Halite precipitation is the stage with the highest
salinity within the evaporite cycle that can be observed
in the § unit. Halite rocks of the § unit alsc have
suffered a strong diagenetic overprint. However, some
relics of primary textures such as chevrons, cornets, and
halite hopper crystals, as well as thin anhydrite and
clay-mineral-lined solution seams, give some indication of
the conditions wunder which the halite was deposited.
Bottom-grown halite crusts either grew from bottom-
nucleated crystals or on halite rafts or cubes that formed
at the air/brine interface and settled through the water
column. All of these features have been recognized in
modern coastal salinas and salt-pan evaporites (Shearman,
1870; Orti Cabo et al., 1984; Lowenstein and Hardie,
1885). In addition, synsedimentary and diagenetic

- alterations such as clear halite cement and fluid
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inclusion~rich halite cement have been reported from these

settings (Shearman, 1970; Casas and Lowenstein, 1989).







61

3.6 SEDIMENTATION RATES

Sedimentation rates are known to vary considerably in
evaporite depositional environments (Schreiber, 1986).
Chemical sediments usually accumulate with greater
rapidity than associated clastic and biogenic sediments.
Sedimentation rates for subagqueously deposited sulfates
(usuvally gypsum) from solar ponds have been reported to
range from 1 x 10% - 40 x 102 cm/ky. Halite deposits from
the same depositional environment can even reach
sedimentation rates of 10 x 102 - 100 x 102 cm/ky
(Schreiber and Hsl, 1980). All of these rates are optimal
for a natural environment and may not be reached in other

depositional settings.

Average depositional rates for the sulfate and halite
deposits of the Mediterranean Messinian have been
determined to be between 3 x 102 - 4 x 102 ecm/ky
{Schreiber, 1986). In contrast, sedimentation rates of
clastic deposits intercalated with sulfates and halites
are often lower by more than one order of magnitude. XKithn
and Roth (1979) reported average sedimentation rates for
the sediments of reported S1 to HMI interval of the
Buggingen subbasin of the Mulhouse Basin of 24.4 cm/ky for
marls, 156.2 em/ky for anhydrites and 3030 cm/ky for
halite. The magnitude of these sedimentation rates is in

_good agreement with other evaporite deposits (Schreiber,
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1986). Unfortunately, Xihn and Roth (1979) give only a
very brief description of how these rates were measured,
which is insufficient to reconstruct their methods of

sedimentation rate calculation.

A careful study of the sediments in the §1 to MI interval
at Amelie II led to the conclusion that only the
carbonate/clay and organic matter couplets of the wmarl
beds can be interpreted as annual deposits with a
satisfactory degree of confidence. They clearly display
characteristics that are also observed in annual deposits
of Recent depositional environments (Fig. 24:; see previous
discussion). Sedimentation rates of marls wers estimated
by counting carbonate/clay couplets on twenty-three 1-4 cm
wide polished slabs and thin sections, and then
calculating average sedimentation rates for each sample.
The  thus-determined sedimentation rates vary from
6-40 cm/ky (Fig. 25). The sedimentation rate of the marls
is highest in the halite-dominated stratigraphic intervals
(>30 cm/ky) and lowest in the upper part of the marl and
anhydrite-rich § unit (<10 cm/ky). Marls that have been
classified as type A display generally low (<15 cm/ky)
sedimentation rates, while marls of type B are

characterized by sedimentation rates greater than

15 cm/ky.
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An improved estimate of the time span represented by the
sediments of the § unit can be made based on the measured
marl sedimentation rates (Fig. 25). For this purpose, the
S unit is divided into a lower section (2.85 m thick) and
an upper section (2.78 m thick). Estimated average
sedimentation rates are 24 cm/ky for the lower section and
8 cm/ky for the upper section, respectively. The duration
of the marl deposition is calculated based on the actual
portion of the lithologic column of the § unit represented
by marls (163.3 cm in the lower section and 115.8 cm in
the upper section) and yields a total deposition time of
approximately 21,000 vyears. The time required for the
deposition of the anhydrite and halite beds of the S unit
is calculated based on literature data for g¢ypsum and
halite sedimentation rates observed in modern evaporite
environments (Table 1). The thus determined total time
span for the deposition of the sediments of the S unit is

21,065 - 23,598 vears.

These results can be used to improve modeling of the
evaporite depositional system of the Mulhouse Basin. They
also show that the 8248 year time estimate of Blanc-
Valleron et al. (1989) for the S unit based on average
sedimentation rates published by Kihn and Roth (1979) most

likely underestimates the actual duration of deposition.







Table 1:

UTHOLOGY FERCENT OF ITROLOSY SESERTATION RATE TisE FOR R OETON
mari 0% T-SGoayy 21,000y
massive anhydrie 23% 1004, 600miy™) 331,311y
laminated enhyditte 25% 100-4,0000m/ k™ 32-1,.278y
halito 2% 1,660-10,000em/ky) -1y
fermiiewar anhydriie 3% ro data 1o dxts
TOTAL 160% 21,0853-23,583y

Ysedimemation retes for modsrn svaporie environmems (Schrelber&ied 1880)

Estimate of
deposition of the § unit at Amelie.

see text.

the time
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span required for the

For details
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The cause of the variation in sedimentation rates is not
known, but may lie in <c¢limatic wvariations, tectonic
changes or sea level variations. The results nevertheless
show that numerical modeling of rhythmic sedimentation
patterns of the Mulhouse Basin evaporite deposits based on
average marl sedimentation rates as performed by Blanc-
Valleron et al. (1989, 1991) and Carpentier et al. (1991)
must be taken with at least a grain of salt, and may

render unreliable results.
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3.7 ORGAWIC MATTER CONTENT OF THE S-INTERVAL

3.7.1 Introduction

The organic content of a 1lithological unit may be
characterized by the abundance and spatial distribution of
the organic matter in the source rock, the quality of the
kerogens, and the composition of the associated bitumens.
The guantity and spatial distribution of the organic
matter of a sediment is governed by the physical
conditions during its deposition such as nutrient influx
(which regulates productivity), sedimentation rate, and
preservation conditions. The character of the oxrganic
matter is controlled by the type of organisms that
contribute to the formation of the kerogen and the degree
of oxidation that the organic matter is subjected to prior
to and after deposition. The bitumeh content (soluble
organic matter) of ancient sediments 1is a mixture of
lipids resistant to the formation of larger biomolecules
(Tegelaar et al., 1989) and thermal decomposition products
of the kerogen. In particular, immature Dbitumens contain
high proportions of compounds inherited from living
organisms (with minor chemical alteration), which are
considered chemical fossils (synonymous with the term
biomarkers; Tissot and Welte, 1984). Experience has shown
that a plethora of information regarding the physical,

“chemical, and biclogical conditions can be collected by
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the study of fossil organic matter. Hence, the
information obtained by the careful study of the organic
matter of a lithological unit, in conjunction with the
understanding of the sedimentological framework of the
unit, allows a detailed reconstruction ot the

paleodepositional environment.
3.7.2 Abundance and Distribution

Previous workers (Blanc-Valleron, 1986; Blanc-Valleron et
al., 1990, 1991) noted that the sediments of the lower
part of the Salt IV zone of the HMulhouse Basin contain
significant amounts of organic matter. ¥Most of the
organic material is ©present in marl and anhydrite
dominated units. Halite and potash salt-rich intervals
contain relatively small amounts of organic matter.
Organic carbon measurements on samples collected in the
mines Amelie II, Ungersheim, and Berrwiller showed that
the mass of the organic matter is concentrated in marl
beds, which contain bstween (.47 and 4.59% oxganic carbon.
However, intervals with more than 7% organic carbon
content have been reported from marls of the HMax core
(Blanc-Valleron et al., 1991). The remaining lithofacies
generally display lower TOC contents. At the sites Amelie
IT, Ungersheim, and Berrwiller, the lenticular and nodular
anhydrite vary between 0.55 and 1.84% TOC. Laminated

anhydrite (0.14 to 0.78% TOC), massive anhydrites (0.08%
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to 0.31% TOC), and halites (0.0% to 0.25% TOC) contain

even less organic carbon.
3.7.3 Quality of Organic Matter

Organic matter in evaporite sequences stems from two
sources: 1) autochthonous material derived from algae and
microbes, and 2) allochthonous material carried in by wind
and water (residues of higher land plants and recycled

organic matter from older sediments).

The term "kerogen" can be defined as the solid organic
matter content of a sedimentary rock that is neither
soluble in aqueous alkaline solutions nor in common
organic solvents (Tissot and Welte, 1984). The potential
of kerogen to generate hydrocarbons upon burial depends on
its relative proportions of reactive and inert groups.
Reactive kerogen can be further subdivided into a labile
porticn, which is transformed intoc oil in the temperature
realm between 100-150°C, and a refractory portion, which is
transformed at somewhat higher temperatures into gas
(Mackenzie and Quigley, 1988). The inert part of the
kerogen 1is transformed at very high temperatures and

pressures into graphite.

Kerogens derived from algae, bacteria, and some parts of

land plants (e.g. spores, cuticles) are comprised. chiefly
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of labile kerogen with small amounts of refractory and
inert kerogen. Kerogen derived exclusively from vascular
plants is a mixture of refractory and 1inert kerogen.
Environments with a high input of algal- and bacterial-
derived organic matter are likely to contain oil-prone

source rocks.

One way to assess the guality of kerogen is to determine
microscopically the proportions of the wvisual remains of
algae, bacteria, wood fragments and charcoal. Macerals
are visually identifiable kerogen particles and are
commonly characterized by grouping them according to their
biological precursor structures into 1) liptinites (algae,
resin, globules, cuticles, spores, etc.), 2) vitrinites
{woody fragments with or without plant texture), and 3)
inertinites (charcoal-like fragments) (Stach et al.,

1982).

Another way to determine the quality of kercgens is by
chemical methods. In addition to hydrogen and carbon,
organic matter also contains nitrogen, sulfur{ and oxvgen
atoms. The quality of a kerogen, and hence its potential
to generate hydrocarbons, can be assessed by elemental
composition, i.e., by 1its atomic hydrogen/carbon and
oxygen/carbon ratios (Tissot et al., 1974). Kerogens with

high hydrogen/carbeon ratiocs and low oxygen/carbon ratios

.yield the highest amounts of o0il upon maturation. Three
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major types of kerogens can be defined based on <their
hydrogen/carbon and oxygen/carbon ratios (Tissot and
Welte, 1984):

Type I refexs to a kerogem with high initial
hydrogen/carbon (approximately 1.5 or more) and a low
initial oxygen/carbon ratio (generally less than 0.1).
Kerogens of type I give a high vield of oil. They stem
from either a selective accumulation of algal material or
a severe Dbiodegradation of organic matter (microbial

sources).

Type II kerogen with relatively high hydrogen/carbon and
low oxygen/caxrbon ratios is particularly abundant in many
marine petroleum source rocks. Kerogens of type II are
usually related to marine sediments with autochthonous
organic matter derived from a mixture of phytoplankton,
zooplankton and microorganisms (bacteria) deposited in a

reducing environment.

Type III refers to a kerogen with relatively low initial
hydrogen/carbon and high oxygen/carbon ratios (as high as
0.2 or 0.3). It is essentially derived from continental

plants and contains much vegetal debris.

Oil and gas prone kerogens are of type I and II; type III
kerogens yield some oil, but predominantly gas. As noted

above, the autochthonous production of organic matter in
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evaporitic systems stems from algal and bacterial sources.
These types of kerogens have been reported from a number
of evaporite source rocks (e.g. Palmer and Zumberge, 1981,
Connan et al., 1586, Mello et al., 18%88b). However,
kerogens of type III can also be expected in some
evaporite depositional environments. In ancient evaporite
systems where the palecgeographic reconstruction indicates
the presence of a land mass in close vicinity {naxrow rift
valleys, intracontinental lakes, playas, etc.), type III
kerogens are generally to be expected. Type III kerogens
can also result from partial oxidation of organic matter
in the water column or the top portion of sediments. Such
conditions can prevail during periods of continental water

influx in any evaporite system.
3.7.4 Organic Petrology

rganic petzrology is used to determine the visual remains
of organisms that contributed to the formation of kerogen

and to determine the gquality of the kerogens.
3.7.4.1 Haceral Content

The organic matter content of the S unit is dominated by
liptinites (alginite + liptodetrinite) and contains only
minor amounts of vitrinites. TInertinite is nearly always

absent.
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3.7.4.2 Harls

The organic material in the marls of sedimentary facies
type A contains on average 41.1% alginite, 54.6%
liptodetrinite and 4.3% vitrinite. The algal bodies avre
flattened parallel to bedding. Individual algae wvary

between 10 to more than 50 um in length and only a few

microns in width. In addition, layers of amorphous;
brightly-flucrescing liptodetrinites (groundmass) are
common (Fig. 26). These bedding parallel layers are

continuous over several centimeters. The thicknesses vary
considerably. In some samples, single layers are only a
few microns thick; in others samples, multiple, stacked
lavers of amorphous fluorescing groundmass can exceed
100pm in thickness (Fig. 27). Vitrinites are sparse in
marls of type A. Individual vitrinite particles vary from
less than 10gzm to 50um in diameter. Small particles

{less than 20um) are the most common.

In marls of +type B (TOC <2%), layers of amorphous,
fluorescent groundmass are completely absent (Fig. 28).
Instead, their original organic wmatter consists of
liptinites (alginite (Fig. 29) and liptodetrinite)} and

generally more than 10% vitrinite. Inertinite occurs







Fig.

26

Photomicrograph of a marl of type A under blue
light. Note the brightly £fluorescing algal
bodies and layers of the amorphous ground.mass.

_ (Fleld of view is 360 um w;.de)
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Fig. 27: Photomicrograph of the fluorescing groundmass of
- organic <facles A. {(Field of view is 200 gm
wide).




Fig.

28
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Photomicrograph of marl of type B under blue
light. Fluorescing particles are alginite.
(Field of view is 360 um wide). R
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Fig. 29: Photomicrograph of fluorescing compacted algae.
(Blue light. Field of view is 200 um wide).
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rarely. The alginites and vitrinites of type B display
the same charactevistics as those of type A&A. The
liptodetrinites, however, are made up of dispersely

distributed liptinite fragments (<5gm).

3.7.4.3 Anhydrites

3.5.4.3.F Lenticular Anhydrites

Lenticular anhydrite is characterized Dby disc-shaped

anhydrite aggregates that initially formed wvia displacive

growth of gypsum and subsegquent anhydritization within a

marl matrix (Fig. 30). The anhydrite aggregates contain
only a few organic particles. Occasionally algal bodies
are preserved within single anhydrite crystals. These

algae did not undexgo a large degree of compaction, as
indicated by their well-preserved spherical shape. Most
of the organic content of this sedimentary facies,
however, is concentrated in the marl matrix. The organic
content o©of the marls of the lenticular anhvdrite facies
displays the same characteristics as marls o
Ubiquitous features are the layers of amorphous
fluorescent groundmass that commonly hug individual

lenticular anhydrite aggregates (Fig. 31).
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Fig. 30: Alginite in the marl matrix between lenticular
anhydrite aggregates. (Blue 1light. Field of
. view is 200 um wide). SRS R







Fig. 31:

80

Fluorescing organic groundmass in a marl matrix
of lenticular anhydrite facies. (Blue light.
Field of view is 720 Km wide).
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3.7.4.3.2 Laminated Anhydrites

The organic matter in laminated anhydrites is concentrated
in clay/carbonate-rich layers that define the lamination
in this facies. These layers are interpreted to result
from pericdic brine refreshment and in conjunction with
the renewed influx of nutrients and clastic particles,.
The organic matter content of the c¢lay/carbonate-rich
zones 1is similar to the organic facies of the marls of
type A. Dispersed single algae are common (Fig. 32), and
in some zones layers of amorphous liptodetrinite are
present. In contrast, the anhydrite-dominated layers only
contain a few, individual algae. Vitrinite and inertinite

are sparse or absent in this facies.

3.7.4.3.3 Hassive Anhydrites

Organic matter 1is sparse and dispersely distributed in
massive anhydrites. In general, uncompacted single algse
(Fig. 33) or liptinite fragments (<5xm) are noted.

Vitrinite particles are not abundant.

3.7.5 Halite

Halite contains almost exclusively organic particles

smaller than S5gm. The visually identifiable macerals are
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Fig. 32: Disperse algae in marl layer of the laminated
anhydrite facies. (Blue light. Field of view.
is 500 gm wide). . . - o
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Fig. 33: 8Single algae in massive anhydrite lithofacies
' (Blue light. Field of view . is 145 um wide).
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mostly liptodetrinite with only very minor amounts of
vitrinite and inertinite. The assessment of the organic
matter content of the halite facies and massive anhydrite
facies is complicated by the low organic carbon content
and the generally small size of the macerals, and, hence,

must be interpreted with caution.
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3.8 ORGANIC FACIES

The term "organic facies" is used for a mappable rock unit
distinguishable by the character of its organic matter
without regard to the inorganic aspects of the sediments
(Jones, 1984). Microscopic characterization of the
kerogens in the 81 to CI unit allows the definition of two
organic facies. Organic facies A has an alginite content
between 25% and 42% and typically contains more than 50%
liptodetrinite. Most of the liptodetrinites are composed
of layers of amorphous organic matter, whereas alginite or
sporinite debris is sparse. The vitrinite and inertinite

content of organic facies A varies between 4% and 21%,

In contrast, organic facies B has a higher alginite
content (>50%) than organic facies A. The proportion of
liptodetrinite (<35%), however, is distinctly lower than
in organic facies A. The liptodetrinites are dominantily
composed of alginite debris. Laminated amorphous organic
matter, characteristic for organic facies A, is completely

absent. Vitrinite is common in organic facies 3.

In general, both organic facies A and organic facies B
contain varying amounts of algal (alginite) and plant
{(vitrinite) derived organic matter. The key difference is
the proportion of laminated, amorphous organic matter in

organic facies A. In both organic facies, aguatic organic
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matter (alginite and liptodetrinite) is dominant.
Terrestrial-derived organic matter (vitrinite and
sporinite) plays a subordinate role. The kerogens of both

facies can, therefore, be classified as type II.

A comparison of the maceral content of samples from each
described sedimentaxry facies showed that the organic
facies correlates to the sedimentary faclies (Fig. 34).
Organic facies A 1is observed in marls of type A, in
lenticular anhydrites, and in laminated anhydrites.
Organic facies B is present in maxrls of type B. Massive
anhydrites and halites did not contain sufficient amounts
of organic matter to perform a meaningful maceral
analysis. However, both lithofacies contain minor amounts
of alginite, liptodetrinite and vitrinite, and, hence, a
maceral content similar to that of the marls of

sedimentary facies type B, which contain organic facies B.
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3.9 CHEMICAL CHRRACTERIZATION OF THE EEROGENS

Chemical characterization by Rock-Eval pyrolysis of the
kerogens of the S unit was conducted for samples from
three locations: Amelie II, Ungersheim, and Berrwiller.
Results reported here were determined on marl samples and
not on anhydrites and halites, since it has previously
been demonstrated that low TOC contents and especially the
presence of c¢alcium sulfate tends to xrender resulis
obtained by Rock-BEval pyrolysis useless (e.g. Horsfield
and Douglas, 1980; Espitalié et al., 1984; Espitalié,

1986; Peters, 1986).

The kerogen type is characterized by the hydrogen index
and the oxygen index. Hydrogen and oxvgen indices
measured by Rock-Eval pyrolysis correlate with
hydrogen/carbon and oxygen/carbon ratios measured by
elemental analysis of kerogen (Espitalié et al., 1977).
They «can, therefors, be used in the same way as
hydrogen/carbon and oxygen/carbon ratios for kerogen
typing. Chemical kerogen classification can be performed
when the hydrogen index and oxygen index data obtained by
Rock-Eval pyrolysis are plotted in a van Krevelen-type
diagram (Espitalié et al., 1977). The values of hydrogen

and oxygen indices of marls from the § unit taken from







89

Amelie II, Ungersheim, and Berrwiller are similar (Fig.
35). All data plot between the kerogen type II evolution
paths and hence can be classified as type II. This
classification is in good agreement with the data from
petrology. The kerogens from Amelie II, Ungersheim, and
Berrwiller have approximately the same range of hydrogen
and oxygen indices and can hence be considered suites of
kerogens of comparable guality (Tissot and Welte, 1984).
Low T_ . (temperature of maximum hydrocarbon generation
during pyrolysis) values (on average approximately 435°C)
indicate that the organic matter at each location is

thermally immature.

3.9.1 (Qrganic Facies

A compilation of hydrogen index and oxygen index values
for marl samples classified by kerogen microscopy into
organic facies A and organic facies B (Fig. 36) shows that
both facies can alsc be differentiated on a chemical
basis. Marls containing organic facies A display hydrogen
indices between 570 and 380 mg hydrocarbons/g TOC and
oxygen indices between 50 and 250 mg COzfg TOC. In
contrast, marls of facies B display hydrogen indices from
450 to 200 mg hydrocarbons/g TOC and oxygen indices £from
100~500 mg CO,/g TOC. Based on these data, organic facies

A has a better petrcleum potential than organic facies B.
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3.9.2 Infiuvences on Eerogen Quality

The quality of the & unit kerogens show marked wvariation.
Even though there is considerable scatter in the hydrogen
index data, a general systematic trend with stratigraphic
age of the hydrogen index can be observed (Fig. 37).
Kerogens from marls at the base of the § unit display
hydrogen indices generally lower than 300 mg HC/g Cmg.
The hydrogen indices gradually increase when moving upward

through the S unit and peak in the top vregion at close to

500 mg HC/g Corg

The hydrogen index of kerogens is influenced by the type
of initial oxrganic mattexr, the degree of its preservation
during deposition, and the maturity of the kerogens.
Maturation processes cause a severe depletion of hydrogen
from the kerogen. The transformation of organic matter
under thermal stress is an overall disproportionation of
the hydrogen of the initial kerogen. OCn the one hand,
hydrogen is enriched in the products generated
(hydrocarbons); on the other hand, the residual kerogen
becomes increasingly depleted with respect to hydrogen.
However, because the kerogens from one sampling site of
the S unit have passed through the same thermal history,
maturity differences should play no significant role in

explaining the observed hydrogen index variation.
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The type of organisms that contribute to the formation of
kerogen is another parameter that influences the hydrogen
index. The fact +that organic matter from different
sources has varying chemical composition has been used as
the basis for kerogen typing (Tissot and Welte, 1984).
Kerogens derived from land plants (mainly composed of
huminite/vitrinite) have hydrogen indices of approximately

200 mg HC/g C while kerogens of agquatic organic matter

org?
have considerably higher hydrogen indices (greater than

500 mg HC/g C Variocus combinations of hydrogen-rich

org) *
aquatic organic matter and hydrogen-poor terrigenous
organic matter can produce kerogen suites with varying
hydrogen indices. The influence of the proportion of
terrigenous organic matter on the hydrogen indices of marl
samples of the § unit becomes evident when hydrogen
indices are compared to relative proportions of vitrinite
and inertinite (Fig. 38). Both maceral groups are
interpreted to represent tervigenous organic matter.
Samples with low hydrogen indices contain higher amounts

of terrigenocus organic matter, whereas samples with higher

hvdrogen indices are low in terrigenous organic matter.

Preservation conditions c¢an influence hydrogen indices,
because oxidized organic matter generally has low hydrogen
indices (Tissot and Welte, 1984). However, preservation

conditions during the deposition of the S unit are thought







85

500

450 —

oo

o

(=]
!

o

193]

L]
|

Hydrogen Index (mg HC/g TOC)
B

300

250 g : : 7 I \
0 5 10 15 20 25 30 35

Terrigenous Organic Matter (vol%)

Fig. 38: Variation of the hydrogen index of the marl
samples with the terrigenous organic matter
~.content. : R PR . o _







96

to have been good (see discussion under Rhythmic Carbon
Sedimentation, Chapter 3.11}. Therefore, it 1is more
likely that the presence of terrestrial matter determines
the hydrogen indices and hence the kerogen guality of the
organic matter, rather than preservation conditions or

salinity, as suggested by Hollander and Huc (18%1).
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3.10 CHARACTERIZATION OF THE SOLUBLE ORGANIC MATTER

The portion of the organic matter that can be extracted
from a rock with an organic solvent is called bitumen.
Compounds from the bitumen of a petroleum source rock can
be divided intoc four major groups: 1) aliphatic
hydrocarbons, 2) aromatic hydrocarbons, 3) nitrogen,
sulfur, or oxygen containing compounds (NSO compounds),
and 4) asphaltenes (e.g. Tissot and Welte, 1984). I
these subfractions of the bitumen contain a multitude of
compounds,; however, only a comparatively small number have

yet been identified;, and even a smaller number are

routinely analvzed.

To aid further the reconstruction of the depositional
environment, selected aliphatic, aromatic hydrocarbons,
and NSO compounds were analyzed. The wvalue of these
compounds in paleoenvironmental reconstruction lies in the
information that can be obtained regarding the primary
contributors to the organic matter, physio-chemical

conditions during deposition, and alsc in supporting the

discrimination of organic facies.
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3.10.1 Aliphatic Hydrocarhons

3.10.1.1 H-Alkanes

The analysis of n-alkanes from a total of 86 samples,
including examples of each sedimentary facies, resulted in
the recognition of two distinctly different n-alkane
distribution patterns (Patterns A and B of Gely and Huc,
1990). Pattern I is characterized by a bimodal n-alkane
distribution (Fig. 39). The modes are at n-C;, and n-C,,.
The minimum of pattern I is recorded at n-Cy . In the C,-
C,y range a slight even/odd predominance is observed. In
contrast, pattern II (Fig. 40) is dominated by the C,. and
€, n-alkanes. N-alkanes in the C(,,-C,; range occur in
lower concentrations than n-alkanes in the Cy5-Cyy range.
In most cases & slight odd/even predominance is developed
in the C,y,-Cyy range. It should be noted, however, that
n-alkane distribution pattern I has been recognized in
marls of type A, laminated anhydrites and lenticular
anhydrites (Fig. 41). Pattern II is associated with the
marls of type B, the massive anhydrites, and the halite

lithofacies (Fig. 41).

Both facies show light hydrocarbon preference (sum of

n-alkanes C;.+C;;+C,y over sum of n-alkanes Cy+CogtCyy)
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indices of greater than 1. However, pattern II shows
significantly higher light hydrocarbon preference indices

{greater than 2.5) than pattern I.

The bimodal n-alkane distribution of pattern I is very
similar to n-alkane ©patterns reported <from recent
cvanobacteria in New Zealand (Shiea et al., 19%91).
Extracts of the mats as well as extracts £from colonized
samples of the mat-building oxrganism Chlorobium sp., a
gresen, sulfur-photosynthetic bacterium, show  bimodal
n-alkane distributions with n-alkane maxima at C;, and C,.
N-alkanes in the C;; to C;; range have also been interpreted
to bes characteristic for microbial input (Han and Calvin,
1969; Bird and Lynch, 1974). The interpretation of these
patterns deriving from microbial mats is further supported
by kerogen microscopy, which clearly identifed mat-like
structures of amorphous organic matter. Terrestrial
contributions to the n-alkane pattern I seem to be of
minor importance, because n-alkane components greater than
C;y are present in relatively low concentrations when
compared to the short chain n-alkanes. This
interpretation is consistent with the commonly held theory
that long chain n-alkanes represent terrestrial (higher
plant) input and that short chain n-alkanes represent

agquatic input (e.g. Caxdosc et al., 1876).







The dominant n-alkanes in pattern II are C,s and C,;, which
are generally attributed to algal sources (Oxré et al.,
1987; Gelpi et al.,, 1970:; Blumer et al., 1871). This
interpretation is also supported by microscopic
observations, because alginite (fossil algae) contributes
to meore than 50% of the visual organic matter of samples
that display n-alkane distribution patterns II. The

longer chain n-alkanes of pattern II display odd to even

generally attributed to terrestrial input (e.g. Tissot and

Welte, 1984).

The isoprenoid hydrocarbons pristane, phytane and sgualane
were quantitatively determined. 1In both patterns I and II
(Figs. 39 and 40), phytane is the single most common
compound. Pristane is approximately two to six times less
abundant than phytane, which gives rise to

pristane/phytane ratios ranging from 0.17 to 0.47.

n-alkanes in the C,;~C,, range and in pattern II in similar

quantities to the n-alkanes in

The pristane/phytane ratio in all samples is very low.
The common precursor for both of these isoprenoids is the

phytol sidechain of chlorophyll (e.g. Didyk et al., 1978).
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Phytol, a chlorophyll-derived alcohol, has been reported
to be the major lipid component in Recent sediment from a
Spanish salina in carbonate, gypsum and halite
crystallization ponds (Barbe et al., 19%0). It is well
known that phytol may be a precursor of phytane under
reducing conditions. High concentrations of phytane may,
therefore, be considered to be an indication of both an

input of photosynthetic organisms to the biomass and good

a phospholipid found in halophilic bacteria (XKaplan and
Baedecker, 1970; Nissenbaum et al., 1972) that can be
transformed into phytane wvia the natural breakdown of the
isoprenoid glycolether during diagenesis (Welte and
Waples, 1973; Waples et al., 1974; Albaiges and Torradas,
18743. These observations led ten Haven et al. (1985) to
suggest that low pristane/phytane ratios are not only
indicative of a high degree of anoxicity (Didyk et al.,

1978), but also can be a salinity indicator.

Squalane, a C,; isoprenoid, is present in each sample. Ten
Haven et al. (1988) found sgualane in bitumen and oils

from evaporite rocks from Italy. Fu Jiamo et al. (1986)

4

also reported sgualane as a major component from
Paleogene saline lake in Chinsa. This compound has also
been reported in bitumen from evaporite source rocks and
derived oils from Brazil (Mello et al., 1388a, 1988b).

..8qualane has been interpreted to originate either from
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methanogenic or halephilic bacteria (Holzer et al., 1979;
Brassell et al., 1981), and hence can be used as an

indicator for bactexrial input.

3.10.2 Arvromatic Hydrocarbons

Selected naphthalenes and phenanthrenes were
quantitatively determined £from the saromatic hydroccarbon
fraction. All analyzed sawmples showed very similar
distribution patterns of these compounds. Neither of
these compounds is known to occur in living organisms or
in unpolluted Recent sediments (Radke, 1987). Thus, low
molecular weight aromatic hydrocarbons, which generally
represent major portions of the crude oils, are not likely
to be derived from early diagenetic processes (Radke,
i887), and hence do not contain significant
palecenvironmental information. The absolute guantities
of these compounds, however, vary from sample to sample

and are useful 1in addressing problems in hydrocarbon

generation and migration (see Chapter 4).

Sinninghe Damsté et al. (1990) and Betts et al. (1991
recorded two distinctly diffexrent alkyltocluene an
alkylbenzene patterns, which correspond respectively to
the Lwo organic facies previously defined {see
Characterization of ZXKerogens, Chapter 3.9.1). The

environmental significance of these compounds is not yet
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known. However, the predominance of individual long chain
alkylbenzenes and alkylnaphthalenes in samples from a
sabkha environment led Connan et al. (1986) to suggest a
genetic relationship of these compounds to rather common
structures in wvarious bacteria. In the extracts £rom
samples that contain kerogens of organic facies A,
Sinninghe Damsté et al. (1890) also identified two
alkylbenzenes with isoprenoid side-chains, which are
derived from archaebacteria and have been suggested to be
indicative of hypersaline palecenvironments (Sinninghe

Damsté et al., 1988).
3.10.3 Sulfur Aromatic Hydrocarbons

The distribution of selected alkylbenzothiophenes, di-
benzothiophenes and alkyldibenzothiophenes was determined
for samples of all observed lithofacies. For several
samples from marls of type A and marls of type B the
concentration of dibenzothiophene and methyldibenzo-
thiophene was also gquantitatively assessed. Twc general
distribution patterns, which correlated with previocusly
defined organic facies A and B, could be discriminated.
The sulfur aromatic distribution pattern associated with
organic facies A is characterized by similar relative
abundances of the major peaks of the alkylbenzothiophenes

on the one hand and the dibenzothiophenes and alkyldi
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benzothiophenes con the other hand (Fig. 42). In samples
containing organic facies B, dominance of the dimethyl-
benzothiophenes and trimethylbenzothiophenes over the
dibenzothiophene and alkyldibenzothiophenes was observed
(Fig. 43}). Generally, maris of type A that contain
organic facies A are richer in dibenzothiophenes and
methyldibenzothiophenes than are marls of type B and

organic facies B, respectively.

Even though the geochemistry of sulfur in fossil fuels has
received growing interest in the last 15 years (e.g. Orrx
and White, 1590), 1little is known about the origin and
behaviour of organic sulfur compounds in petroleum and
bitumen. It is generally believed that many organic
sulfur compounds form during early diagenesis, because
organic-bound sulfur in natural organisms is exceedingly
rare (Orr and Sinninghe Damsté&, 1990). Benzothiophenes
and dibenzothiophenes are known to be present in low
quantities in immature rocks {for rocks from hypersaline
environments, see e.g. Kenig and Huc, 19%0; Rullkdtter et
al., 1990), but become the dominant organic sulfur
compounds in mature oils (Thompson, 1881). Cyclicitation
and aromatization of selected dialkylthiophenes have been
interpreted to be major pathways for the formation of
alkylbenzothiophenes (Perakis, 1986; Sinninghe Damsté et

al., 1887, 1988). Even though the benzothiophenes and
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dibenzothiophenes cannot, therefore, e considered
biological markers, they have been noted to be useful in
maturity studies and kerogen classification (Radke et al.,
1886; Hughes, 1984; Philp and Lewis, 1987). The close
correlation between the petrologically defined organic
facies and the molecular composition of aromatic sulfur
compounds gives rise to hopes that bengothiophenes and di-
benzothiophenes will prove tc be useful facies indicators

in the future.
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CARR

O SEDIMERTATION

The sedimentation of organic matter associated with marl
beds of the Salt IV unit has been interpreted toc follow
cyclic depositional patterns (Blanc-Valleron, 19%1; Blanc-
Valleron et al., 19%1). Each cycle is characterized by a
variation of the organic carbon contents of its marl beds.
A cycle starts with a low organic carbon content (usually
on the oxder of 0.5% TOC) and reaches a "TOC maximum," {(up
to 7% TOC) and then drops back to carbon contents below 1%
TOC. One of these "TOC cycles" was noted in the
stratigraphic interval ranging from the upper part of the
S1 unit to the top part of the CI unit (Fig. 44). At
Amelie II, the organic carbon content at the base of the
cycle (81 unit) is approximately 0.8% TOC. Going up
through the cycle, the TOC increases gradually up to 4.6%
TOC and drops back to approximately 1% TOC (CI unit). A
single depositional cycle can contain different gquantities
of organic carbon at different lccations in the basin. At
the Max site a maximum TOC of 7% is reached (Blanc-
Valleron et al., 1881), whereas at Joseph Else 4%,

Ungersheim 3.7%;, and Berrwiller 4.3% TOC maxima have been

measured.

To elucidate the nature of the observed TOC cycles in the

marls of the 8§ unit, site Amelie II was studied in more







113

ToC (%}
Tt 2 3 4 5
POVRIVI S SOt W B—

<5 S

Ci

Ml T == — ]

L

S1 é;“iﬁ‘i
: %@m

e s RN R
L Man Halite
D Anhydrite @

Bylvite

Fig. 44: TOC content of the marl beds at Amelie II. Note
the cyclic increase and decrease of the organic
carbon content from S1 to the CI unit. The
samples marked with A and B refer to samples
._corlta;ln'i ng orgamc facies A and B. .




detail. The rate of carbon accumulation of sediments in
any environment is dependent on primary productivity,
preservation conditions and sedimentation rate (e.g.
Demaison and Moore, 1980). Primary productivity and
preservation conditions are generally difficult to assess.
Sedimentation rates, however, can under certain
circumstances be measured within a satisfactory degree of
confidence (see Chapter 3.6). A comparison of the amount
of organic carbon and the sedimentation rates of marl
samples of the entire "TOC cycle" shows that a linear
relationship exists between both parameters (Fig. 45).
Samples with high amounts of organic carbon correspond to
low sedimentation rates, whereas samples with low amounts
of organic carbon correspond to samples with high
sedimentation rates. This observation suggests that the
joint effects of bioproductivity and presexvation

conditions remained fairly constant throughout this time

interval. Varying sedimentation rates led to a dilution
or concentration, respectively, o¢f the more or less
constant organic matter inputs. This relationships

suggests that at least in a £first order approximation,
sedimentation rate variation can be held responsible for
the observed rhythmic TOC sedimentation. Furthermore,
this relationship also explains the low TOC content of the
anhydrite and halite samples, because sulfates and halite

usually have substantially higher sedimentation rates than
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marls (sulfates 1-40 m/10° years; halite 10-100 m/10° v;
Schreiber and Hsii, 1980). The scattering of the data
indicates that although edimentation rate is probably the
key factor in regulating organic carbon accumulation (Fig.

45), other influences cannot be completely ruled out.
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3.12 ORGANIC CARECON ACCUMULATION RATE

The relationship between organic carbon content and
sedimentation rate can alsc be expressed as the "organic
carbon accumulation  rate" (for calculations see
Methedology, Chapter 2). The calculated organic carbon
accumulation rates <for the "TOC cycle” at Amelie II
demonstrate that organic matter accumulation is generally
high (0.4-1.4 gC/cwm’ky). Stein et al. (1989%a and 1989b),
Stein and Littke (1990), and ten Haven et al. (1990)
report significantly lower carbon accumulation rates for
clastic sediments from Baifin Bay and the upwelling area
off northwest Africa, the Oman margin, and the Peru margin
(ODP sites 645, 658, 679, and 723, respectively) of (.05
to 0.5 gC/cn@kyy The highest organic carbon accumulation
rates of the lower Salt IV zone are recorded from marl
beds that were deposited in halite-dominated intervals
(calculated greater than 1 gC/cm’ky; Fig. 46, S1, MI, CI).
Organic carbon accumulation rates for marls from the
anhydrite and marl-rich S unit, however, show considerable
variation and generally lower wvalues than halite-rich
intervals. Three factors can influence the organic carbon
accumulation rates: 1) changing preservation conditions,
2) fluctuation in paleoproductivity, and 3) variations in

the degree of influx of terrestrial organic matter.
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3.13 PRESERVATION CONDITIOHS

It 1is g¢generally agreed that extensive preservation of
organic matter requires anoxic conditions (Demaison and
Moore, 1980; Deuser, 1971; Hunt, 1979; Tissot and Welte,
1984). Keys to the reconstruction of the level anoxicity
in ancient depositional enviromnments are 1) little to no
bioturbation of the sediment, 2) in envivonments with
detrital Fe?* influx, the presence of early diagenetic
pyrite (Berner, 1981, 1983), and 3) low pristane/phytane

ratios of the bitumen (Didyk et al., 1978).

Bioturbation is caused by bottom dwelling organisms that
require oxic conditions to sustain life, A general
characteristic of bioturbated sediments is a well reworked
substrate that lost most of its depositional structures.
The marls of the S1 to CI units, however, show a well
developed lamination that was not disrupted on any visible
scale. It is, therefore, unlikely that bioturbation took
place during or after the deposition of the marls from

this interval.

Another indicator for reducing depositional environments
and hence conditions that favor the preservation of
organic matter is the presence of early diagenetic pyrite.
Pyrite is a common mineral in all marl samples studied.

Most .of the pyrite occurs as framboids and is closely
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interconnected with organic matter. It is generally
accepted that <framboidal pyrite represents an early
diagenetic mineral phase (Berner, 1983). The formation of
early diagenetic pyrite requires the presence of abundant
H,S resulting from bacterial sulfate reduction. Reducing
conditions are favorable for the presexrvation of organic
matter. The high abundance of pyrite in the marls of the
S1 to CI unit is, therefore, a good indicator for the
prevalence of reducing conditions in the pore waters of

the sediments during and even after deposition.

The pristane/phytane ratio of bitumens has been suggested
as a chemical measure for the degree of anoxicity (Didyk
et al., 1978). Low pristane/phytane ratios (< 1} in
extracts from immature sediments are Iinterpreted to be
indicative of anoxic conditions during the deposition of
the sediments. Pristane-phytane ratios greater than 1 are
thought to develop when oxic conditions prevail during
sedimentation. All sediments of the S81-CI unit display
pristane/phytane ratios lower than 0.47. A plot of the
organic carbon normalized vields of pristane and phytane
(Fig. &7} shows a covariation of Dboth compounds,
indicating a constant and uniform source for both
isoprenoids and similar preservation conditions for all

samples.
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3.14 PALECPRODUCTIVITY AND ACCUMULATION OF TERRESTRIAL

ORGCANIC HATTER

Because three lines of evidence indicate that the
preservation conditions for organic matter at the time of
deposition were excellent and fairly uniform for all marl
samples of the 8§ unit, there must be additional reasons
for the observed wvariation in the apparent accumulation

rate of organic carbon (Fig. 46).

The organic matter of a rock can basically be derived from
terrestrial or aguatic sources. Terrestrial organic
matter consists mainly of humite/vitrinite (remnants of
woody tissues) and inertinite (charcoal-like fragments),
but can &lso contain specific liptinite macerals (e.g.
sporinite, cutinite). Aquatic organic matter consists
mainly of alginite and liptodetrinite of algal and
bacterial origin (Stach et al., 1982; Teichmiiller, 15986} .
Based on this division, accumulation rates of terrestrial
and aquatic organic matter for the § unit can be
calculated (Fig. 48; see Methodology). The accumulation
rates for terrigenous organic matiter show a decrease in
carbon accumulation from initially 2-3 gC/Cﬁ@ky at the
base of the S unit to rates of less than 0.5 gC/cm’ky in
the middle part. The accumulation rates stay fairly

constant at 0.5 gC/cm’ky from the middle part of the
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S unit almost to the top, when an abruptly higher influx
of terrestrial organic matter occurs (~2.5 gC/cn@ky)e The
accumulation rates for aguatic organic matter are
considerably higher (3-10 gC/cm’ky) and show stratigraphy-

related fluctuations (Fig. 48).

Terrigenous organic matter is relatively resistant to oxic
decomposition (Tissot et al., 1879; |TWaples, i983),
therefore, changes in the accumulation rate of such
terrigenous materials are primarily controlled by changes
in rates of supply rather than variations in preservation
(Stein and Littke, 1890). Furthermore, the size of the
organic particles is mainly a function of transport mode,
distance, and transport energy and can, therefore, also be
used as a paleoenvironmental indicator (e.g. Stein et al.,
1988; Stein and Littke, 1990). The gradual decrease in
the accumulation rates of terrigenous organic matter in
the lower part of the 8§ unit therefore reflects a change
in the rate of supply of organic matter from terrigenous
sources. The small size of most of the particles of
terrigenous organic matter suggests that the source of the
organic matter may lie some distance away from the area of
deposition. The cause of the fluctuation of the
accumulation rate may then either be changes of the
productivity of the source area or changes in the mode

(fluvial or wind driven) or rate of transportation.
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Aquatic organic matter, in contrast to terrigenous organic
matter, stems from autochthonous rather than allochthonous
gsources. The accumulation rates of organic carbon derived
from aquatic organisms are mainly controclled by the rate
of supply (bioproductivity) and/or preservation conditions
(Tissot and Welte, 1984). Because preservation conditions
appear to have been fairly uniform during the deposition
of the S unit (see previous discussion), the variation in
the accumulation rate data for aguatic organic carbon most
likely reflects paleoproductivity wvaxiations. At this
stage of investigation, it is not yet possible to estimate
palecproductivity from aquatic carbon accumulation rates.
Unlike those for the open oceans (e.g. Stein and Littke,
1990), carbon fluxes from the productive water column to
accretion in the sediment pile have not been determined

for evaporite environments.

If changes in the accumulation rate of aguatic organic
matter are interpreted as a function of paleoproductivity,
then conditions favorable for primary production must have
prevailed during the deposition of the upper part of the
S unit. Primary organic matter production in hypersaline
environments is favored by a high nutrient £lux:. The
nutrients that govern primary productivity in a modern
evaporite setting are NH,*, NO,, and PO,> (Javor, 1989).
Phosphate concentrations are usually lower than NHQ* and

NO," concentrations in many modern hypersaline environments
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other than soda lakes (Javor, 1989). Ammonia, however, is
known to be concentrated by evaporation and may accumulate
in evaporite salts (Sonnenfeld, 1984). The importance of
nitrogen compounds as nutrients in the organic matter of
the $ unit is supported by observations of Hollander and
Huc (1891). They demonstrated that extremely heavy 6N
values of the kerogens (+11 to 16 per mil) in all marl
facies imply that there was an active nitrogen cycle
operating (nitrate and/ox ammonia uptake and
denitrification}. Evaporation causes a concentration of
nutrients in the remaining brine concomitant with an
increase in salinities. A higher nutrient supply may
result in periods of higher productivity. The influence
of increasing salinity on the accumulation of organic
matter-rich rocks in the upper part of the § unit has also
been postulated by Sinninghe Damsté et al. (19%1). He and
his co-workers measured chroman ratios that indicate that
marls of type A were deposited under more saline

conditions than marls cf type B.
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3.15 CONTROLLING FACTORS IN THE FORMATION OF ORGANIC-RICH

BEDS IN THE § UNIT

Recently Pedersen and Calvert (1990) reexamined the
controls on the formation of organic carbon-rich sediments
and sedimentary rocks in oceanic environments. They came
to the conclusion that anoxia, per se, does not produce
organic-rich shales, but that +temporal and spatial
variation of primary production is a more plausible
explanation for the sporadic occurrence of carbon-rich
shales (Parrish and Curtis, 1982). 1In source rocks from
the HMulhouse Basin, the paleoproductivity, which was
measured indirectly via the accumulation rate of aguatic
organic carbon, shows no direct relationship to the amount
of agquatic oxrganic carbon. The primary control on the

accumulation of organic-rich source rocks in this shallow

evaporite basin is the rate of sedimentation. Organic-
rich marls (ToC > 2%) accumulate only when  the
sedimentation rate 1is low. However, high primary

production of organic matter as recorded in many modern
environments aids the rapid formation of evaporite source
rocks (e.g. Javor, 1989 and many references therein).
However, high productivity alone in a depositional regime
with high sedimentation rates will not necessarily lead to

the deposition of organic matter-rich rocks.
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The least understcod component in evaporite environments
is still the degree of preservation. In the case of
ancient evaporite deposits, the preservation conditions
can only be assessed by circumstantial evidence (see
previous discussion, Chapter 3.13). It has £fregquently
been gquoted that evaporite depositional environments are
oxygen poor, barren of bottom-dwelling organisms and hence
ideally suited for the preservation of organic matter
(Rirkland and Evans, 1981; Demaison and Moore, 1980;
Sonnenfeld, 1985; Warren, 1986; BEvans and Kirkland, 1988).
Other organic matter degrading organisms, however,
especially sulfide-reducing bacteria and methanogens, both
of which are effective biodegraders, are known to thrive
under these conditions (Goldhaber and Kaplan, 1874;
Froelich et al., 1$79; Berner, 18580). A well-studied
evaporite environment, Solar Lake on the Arabian Peninsula
is known to show substantial rates of at least partially
bacterial-induced degradation and transformation of
organic matter (Friedman and Krumbein, 1985, and
references therein), despite the presence of anaerobic,
hypersaline conditions (Cohen et al., 1880; Aizenshtat et
al., 1%83; Boon, 1984; Edmunds and Eglinton, 1984).
However, even though substantial amounts of organic carbon
are lost during deposition and burial of organic matter at
Solar Lake, preserxvation conditions are sufficient to

permit the existence of organic-rich layers (4.5% TOC) at
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shallow depth (60-70 cm) and hence +the formation of

scurce-rock prone intervals.

Based on the data set for the SI-CI unit of the Mulhouse
Basin, it appears that during periods of moderate to high
primary productivity in conjunction with good preservation
conditions, the deposition of marls containing
rhythmically varying amounts of TOC is governed dominantly
by sedimentation rate. Sedimentation rate, on the other
hand, is in most cases directly dependent on climatic

conditions or sea level.
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3.16 SYNTHESIS:
RECOHSTRUCTION OF THE PALECDEPOSITIONAL ERVIROHMENT

The integration of sedimentological, bulk organic and
molecular geochemical data allows the reconstruction of
the palecenvironment. As & result a model is proposed

here that describes and explains the observed data.

The overall depositional environment of the evaporites
from the Mulhouse Basin was an evaporite lake in a narrow
rift wvalley setting (Illies, 1974). The area was
permanently filled with water during the deposition of the
51 to CI unit. All of the sediments deposited in this
stratigraphic interval indicate sedimentation took place
in & water body with guiescent water conditions. There is
no evidence for extensive current movements or periodic
desiccation of the basin. The lake level varied
considerably as indicated by the concentric-elliptical
sedimentation pattern (Blanc-Valleron, 1%9%1). The lake
level was highest during the deposition of the marl and
gypsum {later converted to anhydrite), and considerably

lower during halite and sylvite deposition.

The sediments of "Lake Mulhouse" stem from  both
terrigenous and marine sources. The terrigenous input
consists of wind and water transported siliciclastic

matter as well as plant debris. Groundwater and
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hydrothermal water contributions may alsc not be ruled out
(Hardie, 18830). Common marine influx is indicated by
abundant lavers of marine planktonic foraminifera tests in
the marl horizomns. The sedimentation dynamics of the
perennial lake can be described as a succession of
meromict lake stages (stratified water bodies) alternating
with monomict lake stages (unstratified water bodies)
(Fig. 49). Sedimentation of marls of types A and B
occurred during the meromict stage. During that period
the terrigenous influx dominated. The siliciclastic
components of the marls varies between 40% and 80%.
Meromict conditions may have been disturbed by marine
incursions, which appear to have been sudden, punctuated
events (e.g. storms or high flocds) and resulted in the
deposition of millimetric layers only. The overall
sedimentation pattern during marl deposition was governed
by the prevailing Mediterranean-type Ciimate. Laminated
(varved) deposits composed of carbonate alternating with
siliciclastic debrigs and organic matter-rich lavers
forming couplets are characteristic of this period. It
seems that an annual deposition c¢ycle was operating.
Buring spring and summer (dry season), carbonate was
deposited resulting from the consumption of CO0, by the
bloom of phytoplankton. During the wet season (fall and
winter), abundant dead organic matter (bacterial and algal

in origin) and siliciclastic debris accumulated.
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Two substages can be defined during the deposition of
marls in the meromict lake stage, which led to the
deposition of type A and type B marls. During the
deposition of marls of type B (Fig. 50), a density and
perhaps thermally stratified water column was established,
which was divided into an upper and a lower water body.
The bottom waters were most likely oxygen deficient
(disaerobic to anaerobic) and hypersaline, as indicated by
the lack of bottom-dwelling organisms and bioturbation.
Presexrvation conditions were good (indicated by low
pristane/phytane ratios and high phytane content) and this
allowed the accumulation of organic-rich marlstones. The
upper water body was most likely less saline, but still
hypersaline (foraminifera death assemblages). The upper
water body was characterized by the occurrence of
extensive nutrient recycling {low A 5BC—values; Hollander
and Huc, 1991). The presence of extended porphyrins
(Keely et al., 1990) indicates that the chemocline was in

the photic zone, implying a relatively shallow upper water

body.
Primary production was moderate (lower aquatic carbon
place in the upper water body. Algae were the dominant

primary producers of organic matexial in this lake stage

(high alginite content, C;; + C;; rich n-alkane pattezrns).
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The accumulation of organic matter was also favored by
relatively high sedimentation  rates and mederate
productivity, which led to the formation of marls with
organic contents between 0.5 and 2% TOC. The high
sedimentation rates also provided a constant influx of
plant debris, which is expressed by higher accumulation
rates for ﬁigher terrigenous organic matter than in marls
of type A, which led to a moderate quality of the kerogen

(hydrogen index between 200-350 mg HC/g TOC).

The deposition'of marls of type & (Fig. 50) also occurred
in a stratified water body. The lower part of the water
body was again devoid of bottom-dwelling organisms and
hence of bioturbation (well-developed lamination).
Preservation conditions were excellent. The hypersaline
bottom waters were strictly anaerobic and extensive
sulfate reduction occurred (high pyrite content of the
sediments). The upper part of the water body was also
hypersaline (foraminiferal death assemblage). Primaxy
production was extensive (high aquatic organic matter
accumulation rates), indicating a high nutrient supply.
The primary producers of organic material were algae and
bacteria (possibly photosynthetic bacteria: n-alkane
spectrum, alginite content). Due to low sedimentation
rates and high primary productivity, TOC-rich marls (2-4%
TOC) accumulated. The gquality of the organic matter is

~good (oil-prone) because terrigenous organic matter is
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sparse (low accumulation rate of terrigencus organic

matter, hydrogen index 300-500 mg HC/g TOC).

The generally lower sedimentation rates during the
deposition of type A marls when compared to type B marls
may have resulted from a highly saline upper water body
that allowed bacterial mats to thrive at the chemocline
and which protected them from grazing organisms owing to
the salinity of the water. A similar phenomenon has been
observed from hypersaline ponds in heliothermic lakes
(Kirkland et al., 1983). Heliothermic lakes are
stratified water bodies with a warm, stagnant, more saline
water mass underneath & cooler, less saline, upper water
mass that undergoes periodic circulation. Algae and
bacteria grow within these hypersaline water bodies,
sometimes forming bacterial plates at the interface
between the two water masses (Xirkland et al., 1983; Evans
and Kirkland, 1988). If these bacterial plates settle
intc the sediment and can be preserved, they may form
laminae of amorphous oxrganic matter very similar to those

observed in the marls of type A in the S unit.

The deposition of the massive anhydrites occurred during
monomict lake conditions (Fig. 49). The shallow upper
water body that covered the basin during the deposition of
the marlstones evaporated. Continuing evaporation led to

gradual concentration of the brine and <finally to







138

precipitation of gypsum (salinity 150-300 per mil: Fig.
50j. The high salinity of the water body led to
disaercbic +to anaerobic conditions (Warren, 1986) and
allowed good preservation of organic matter {low
pristane/phytane ratio). The primary producers in this
environment were salinity-tolerant algae (alginite
content, C(,; + C;, n-alkanes). The formation of organig
matter-rich layers was inhibited by dilution due to high
sedimentation rates, which led to total organic carbon

contents between 0.08% and 0.5%.

Laminated anhydrite is a sedimentary facies composed of a
combination of elements of marls of type A& and massive
anhydrite (Fig. 50). The anhydrite layers are extremely
poor in oxganic matter, whereas the marl-dominated =zones
are rich in organic matter. The organic facies of the
laminated anhydrite is, therefore, dominated by the
molecular signal of the organic matter of the marl

horizons.

The formation of the halite beds also tock place under
monomict lake conditions. The salinity of the water body
must have exceeded 300 per mil in order to achieve
precipitation. Primary producers of organic material were
dominantly algae. The highly saline waters provided ideal

preservation conditions. Organic accumulation, however,
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was extremely low dus to the attenuation by high

sedimentation rates.

Lenticular  anhydrite (Fig. 50) is a result of
syndepositional diagenesis of marls of type A. The
lenticular  aggregates originally formed  as gypsum
crystals. Usually, displacive gypsum forms as tabular
crystals. However, the growth of the gypsum crystals took
place at a time when the pore waters of the marls were
saturated with respect to gypsum and contalned significant
amounts of organic acids that “"poisoned" the crystal faces
{Cody and Cody, 1988). The level of organic acid required
for this type of crystal growth was apparently only

present in the organic matter-rich marls of tvype A,
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BONS AT LO¥W MATURITY RANGES

4. FORMATION OF HYDROCH

4.1 Introduction

Among the reasons evaporite-carbonate source rocks have
attracted increasing attention arve 1) they usually contain
higher amounts of lipid-like extractable organic matter
per unit organic carben than shale source rocks in a
thermally immature state (0.3-0.5% wvitrinite reflectance,
e.g. Palacas, 1988; Baskin and Peters, 1992), and 2) they
appear to generate oils at extremely low maturity levels
(Tpay 429-435°C, Comnan et al., 1986). Two principle
hypotheses have been put forward to explain the phenomenon
of significant yields of lipid-like scluble crganic matter
at low levels of thermal maturity. Orr (18%86) suggests
that during early diagenesis, in highly reducing, iron-
poor environments where H,S5 is abundant, sulfur becomes
incorporated into the kerocgen structure. Cleavage of
thermally weak sulfur-carbon bonds results in the
generation of resin- and asphaltene-rich petroleum at low
maturity levels, An alternate explanation is that the
extremely  reducing conditions of the depositional
environment cause retardation of the condensation

reactions of precursor molecules and their incorporation

into the kerogen structure (Powell, 1984).
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Based on theoretical considerations, Sonnenfeld (1985) and
Warren (1986) have argued that petroleum migration can
cccur in evaporite source rocks at early stages of
diagenesis. Leythaeuser (1988a, 1988b) and Leythaeuser
and Schaefer (1984) demonstrated that primary migration of
hydrocarbons alters the chemical composition of the
residual oil remaining in the sowvrce rock after expulsion
and carries a signal that can be used to detect such
processes and mechanisms of primary migration of

hydrocarbons.,

Both low temperature generation and expulsion of bitumen
and hydrocarbons from evaporite source rocks are important
concepts for oil and gas exploration. A consequence of
these concepts is that oil and bitumen accumulations in
commercial gquantities may exist at shallow depths, which
is usually not taken into consideration. The
understanding of the processes that take place during
petroleum generation and migration can improve the
capability of the exploration geochemist to predict and

locate o0il fields.
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locate oil fields.
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4.2 Approach

Three general approaches have been applied to the study of
hydrocarbon generation in source rocks: 1) recognition of
the geochemical effects of petroleum generation by
analysis of source ©rock seguences from the  same
depositional environment at increasing maturity levels
(e.g. Tissot et al., 1971), 2) experimental simulation of
hydrocarbons by pyrolysis methods (for a summary see
Horsfield, 1984), and 3) numerical models for conversion
of kerogen to c¢il and gas based on mathematically and
experimentally derived kinetic rate parameters (Lewan,
1985; Sweeney et al., 1987; Tissot et al., 1987; Macken=zie
and Quigley, 1988; Burnham and Braun, 1950). Experimental
studies have the advantage that all products formed during
the hydrocarbon generation stage can be monitored.
However, due to the experimental necessity of applyving
much higher temperatures than actually prevailed in nature
because  of limited ©pyrolysis times compared with
geological time, the experimental results often do not
match the natural products. Numerical models have to rely
on bulk kinetic parameters determined under experimental
conditions and also can only approximate that naturally
occurring processes. Therefore, the first approach is

chosen here to ensure that representative results are

obtained.
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The basic approach to this study consists of the
establishment of a mass balance of all organic components
invelved (quantity of initial and residual kerogen
involved as well as of generated products) for a maturity
sequence. The organic content of sediments from a well-
defined stratigraphic unit with a known depositicnal
history but which were buried to two different depths
during the development of the basin are compared with each
other. The key prereguisite allowing such a study is to
ensure that two rock segquences with identical sedimentary
facies and organic contents are accurately correlated. It
is essential that the organic facies be the same at each
site, because only then can the products of petroleum
formation be supposed to have the same original
compesition and  thus comparable with each  other.
Identical sedimentary facies ensure that the conditions
during deposition of the organic matter were similar.
This implies that the type of organic matter and the
degree of preservation of organic matter during deposition
were the same at each site. BAn additional advantage of
the comparison of samples from identical sedimentaxry
facies is that the catalytic effects of the mineral matrix
on petroleum formation should be identified. If the
sedimentary facies and organic facies are identical at
both sites, then the bitumen and kerogen content at each
site can be quantitatively assessed and an inventory of

the amounts of individual petroleum product can be
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compiled. A mass-balance of the concentrations of
individual petroleum products from certain maturity
intervals can then ¢grant insight into the processes of

hydrocarbon generation and migration.
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4.3 Comparison of the Sampling Sites

Sempling of the S unit of the HMulhouse Basin was made
possible by Mines de Potassé d’Alsace at the locations
Amelie II, Ungersheim, and Berrwiller. The sampling sites
lie within a 5 km radiuvs of each other. Locations were
chosen based on their present-day burial depth. An
attempt was made to cover the maximum xrange of depths
available. Amelie II corresponds to a present-day burial
depth of 580 m, Ungersheim to 700 m and Berrwiller to
1040 m. The complete S unit could be sampled at Amelie II
and  Ungersheim, while only the  upper two-thirds,
approximately, of the unit are exposed in a mine exposure

at Berrwiller.

4.3.1 Paleobasin ¥orphology

An isopach map for the period of deposition of the § unit
to the TS unit shows that at least two depocenters existed
(Fig. 6}). A northern depocenter was located in the
vicinity of Ensisheim and a southern depocenter was
located north-west of Mulhouse. The sampling sites amelie
IT and Berrwiller 1lie within the southern subbasin,

whereas Ungersheim is located in the northern subbasin.




4.3.2 Sedimentology

The existence of two subbasins apparently had little
influence on the development of the sedimentary facies and
organic facies of the sediments of the § unit of the
Mulhouse Basin. A sedimentary survey showed that
identical sedimentary facies are present at each sampling
site. ©Fach site contains marls of type A, marls of type
B, lenticular anhydrites, laminated anhvdrites and massive
anhydrites. Halite was encountered at Amelie II and
Ungersheim. Halite beds could not be sampled at
Berrwiller because halite usually occurs in the lower part
of the § unit, which was not completely exposed at
Berrwiller. The carbonate content of the marls of the
S unit is aiso similar at each site. Harls at Amelie I
contain 15-65 wt¥ carbonate, marls at Ungersheim 15-55 wt$%
and at Berrwiller 21-60 wt%. At each site marls with low
carbonate content (15-20 wt%) are encountered in the lower
part of the § unit and marls with high carbonate content
(40-65 wt%) are present in the middle part of the unit
(Figs. 51, 52, 53). The sedimentological similarities
encountered at the three sample sites appear to indicate

uniform depositional conditions for the entire basin.
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Variation of the total organic carbon content,
hvdrogen index and carbonate content within the

S.unit at Amelie II.
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4.3.3 Organic Petrography

The S unit displays a systematic vertical variation in the
amount of organic matter (TOC content) and kerogen guality
{hydrogen index) of the marl beds. The total organic
carbon content of marls located at the base of the S unit
is generally 1less than 1 wt% and increases gradually
towards the top of the unit, where TOC values greater than
3 wt% are common. A parallel trend can be observed for
the hydrogen indices. Hydrogen indices between 200-300 mg
hydrocarbon/g TOC are common at the base of the unit. The
hydrogen index increases gradually to approximately 500 mg
hydrocarbon/g TOC in the upper part of the § unit.
Similar trends for organic carbom content as well as for
the kerogen guality (hydrogen index) are present at Amelie

II, Ungersheim, and Berrwiller (Figs. 531, 52, 53).

4.3.4 Organic Geochemistry

The extracted bitumens of the marls, anhydrites and halite
beds at each of the three locations can be grouped into
organic facies A and B based on their n-alkane
distribution patterns (see also Part I). Organic facies A
shows a bimodal n-alkane distribution with maxima at n-C,,
and n-C,, (Fig. 54). In contrast, organic facies B is
characterized by a high n-C;; and n~-C;, content and a low

concentration of n-alkanes in the Cyy-Cyy Tange (Fig. 55).
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Fig. 54: Example of an n-alkane distribution pattern
representative for organic facies A..
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Fig. 55: Example of an n-alkane distribution pattern
O representative for organic facies B.
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The observed similarities within the § unit at Amelie II,
Ungersheim, and Berrwiller with respect to sedimentology,
amount of organic matter, quality of the kerogens and
composition of selected bitumen fractions ensures that a

meaningful mass balance can be performed.

£4.3.5 Haturity Assessment

The maturity of the organic matter content of the
sediments ©of the Mulhouse Basin was determined by
measurements of random vitrinite reflectance, the T nax
parameter of Rock-Eval pyrolysis and by selected maturity
parameters based on sulfur aromatics measured on marl
sample extracts. Although vitrinite generally occurs
sparsely in the sediments of the Mulhouse Basin, vitrinite
reflectance measurements could be parformed. A

sufficiently large number of vitrinites (n>50) was present

only in the marl samples.

Vitrinite reflectance measurements on marl samples
indicate a comparatively low maturity for each of the
three sampling sites. The maturity of the sediments at
Amelie II, Ungersheim, and Berrwiller corresponds to (.35%

(+0.05) R,, 0.42% (x0.05) R, and 0.45% (%0.05) R,

of o}

respectively. The increase in vitrinite reflectance

corresponds to the present-day burial depth of the samples
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(Fig. 56). The determined maturities are comparable to
the range of maturities reported by Robert (1885) <for

sediments from the southern Rhine Graeben in a similar

depth range.

The maturity assessment of the organic matter content of
the marls based on T __ shows on average similar maturities
for the sites Amelie II and Ungersheim with 432=x3°C.
According to this parameter, the organic content of the

marls at Berrwiller is slightly more mature {435x3°C).

The methyldibenzothiophene ratio was introduced as a
maturity indicator by Radke et al. (1986). This parametexr
uses the lower thermal stability of the Il-methyldibenzo-
thiophene isomer relative to the 4-methyldibenzothiophene
isomer tO assess maturity. The methyldibenzothiophene
ratio relies on a shift in predominance from thermally
relatively unstable towards more stable isomers with
progressive maturation (Radke, 1888). It has Dbeen
propesed that the methyldibenzothiophene ratio be used
preferentially for the maturity assessment of soluble
organic matter derived from kerogems that break down to
vield petroleum at relatively low temperatures, such as

Type II kerogens (Radke et al., 1986).
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Fig. 56: Maturity level expressed as vitrinite
reflectance and present day burial depth of the
S unit at Amelie II, Ungersheim and Berrwiller
(bars indicate range of standard deviation). R
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Measurements performed on extracts of marls from the sites
Amelie II, Ungersheim, and Berrwiller display a wide range
of methyldibenzothiophene ratios (0.4-1.6; Fig. 57). AT
very low maturities there appears to be a relationship
between the hydrogen index, and, hence, organic facies,
and the methyldibenzothiophene ratio, Samples with
maturities of 0.35-0.42% R, show progressively higher
methyldibenzothiophene ratios with decreasing hydrogen
index. The samples from the Berrwiller site (R, = 0.45%)
display methyldibenzothiophene ratios of approximately

0.65 regardless of the hydrogen index (Fig. 57).

These observations confirm the findings of Radke et al.
(1986), who pointed out the influence of organic matter
type on maturity parameters based on sulfur aromatics. It
appears that 0.5% R; is the lower 1limit for the
application of the methyldibenzothiophene «ratio as a
maturity parameter in carbonate/evaporite source rocks.
Below this level of matuxity, organic facies-induced

variations clearly render this ratio useless.

Each of the applied maturity parameters documents that the
most pronounced maturity differences exist between the
organic matter content of the samples f£from the sites

Amelie II and Berrwiller. The organic matter at the site
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Ungersheim reached a maturity level intermediate between
the less mature site Amelie II and the relatively more

mature site Berrwiller.
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4.4 Sample Selesction

The above discussion and the results discussed in Chapter
3 show that sedimentary facies and organic facies are
virtually identical at each of the sampling sites.
Organic matter maturity differences are most pronounced
when the sites Amelie II and Berrwiller are compared. The
maturity of the organic content of the sediments from
Ungersheim is intermediate between Amelie Ix and
Berrwiller. Therefore, in order o cover a reascnable
maturity interval, samples from Amelie II and Berrwiller,
which correspond to maturities of R, = 0.35% and R, =

0.45%, respectively, are comparad with each other.

Sample selection was performed wunder the following
premises: The presence of two distinct organic facies at
each of the sampling sites (Amelie II, Ungersheim, and
Berrwiller) 1is indicated by the results of the organic
petrolegical study, the chemical characterization of the
kerogens (Rock-Eval) and the analysis of the Dbitumen
fracticns, in particular the n-alkane distribution
patterns and the sulfur aromatic distribution patterns

o o e

(reported in Chapter 3). Each of the two organic facies

occurs in three sedimentary facies:

1) Organic Facies A

- = marls of type &
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- lenticular anhydrite

- laminated anhydrite

2) Organic PFacies B

- marls of type B

- massive anhydrites

- halites
To monitor the progress in bitumen and hydrocarbon
formation, three to four samples from each lithofacies
were selected from the less mature site Amelie II and the
more mature site Berrwiller. The stratigraphic position

of the samples in the § unit at the sites Amelie II and

s

Berrwiller are indicated in Figure 358. Samples of the
same sedimentary facies selected from both Amelie II and
Berrwiller share the same organic facies, similar total
organic carbon contents and carbonate contents (Table 2).
In the case of the sedimentary facies of marls of type A
and marls of +type B, samples with similar hydrogen
indices, and hence similar petroleum potential and kerogen

type were chosen (Table 2).

The emphasis of the sample selection was to ensure that
the organic matter content and the quality of the organic
matter were virtually identical in samples of one
sedimentary facies, even though the samples were selected

from two different geographic locations.
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Sample Carbonate TGC Hydrogen Crgenic
# Content Index Facies
{3%) (%) {mg HC/g TOG)
Maris Type A
AMELIE I
289591 29.487 4.34 482 A
28280 28.32 3.68 393 A
28281 | 42.40 2.0 373 A
28293 | 35.74 4.40 457 A
BERBWILLER
28851 57.06 3.35 484 A
28654 43.48 3.85 427 A
28655 36.57 3.3 422 A
28858 58.14 2.07 324 A
Marls Type B
AMELE #
28318 22.18 0.83 265 B
28318 i5.74 0.47 221 B
28321 1882 0.73 266 B
BERRWILLER
206751 30.88] 0.88 292 B
29676 2474 0.85 248 B
28877 | 23.07 0.78 235 B
Lenticutar Anhydrite
AMELIE !}
28265 35.74 1.20 n.d. A
28278 18.68 1.84 n.d. A
28258 32.57 1.12 n.d. A
BERRWILLER
28850 28.66 1.78 n.d. A
20654 3715 0.74 n.d. A |
28657 30.82 0.58 n.d. A
Laminated Anhydrite
AMELIE I}
28255 7.18 0.24 n.d. A
28258 8.83 0.14 rn.d. A
28264 15.41 0.22 n.d. A
BERRWILLER
29848 [ 11.58 0.28 ngd. A
28852 | 21.24 0.18 n.d. A
298581 22,65 0.78 n.d. A
Massive Anhydrite
AMELIE }f
28272 11.33 0.15 n.d. B T
28285 7.16 0.12 n.d. B
28308 3 0.3 n.d. B
BERRWILLER
28658 16.66 0.12 n.d. B
28680 £.16 0.10 n.d. B
28884 .08 0.08 n.d. B
28672 1.75 0.13 n.d. B

n.d.: not determined
HC: Hydrocarbons

Table 2: Summary of the organic geochemistry parameters
for the

of the

samples
calculations in Chapter 4.

used

mass-balance
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4.5 Hethods

To quantify the maturation progress of the organic matter

of the 8 unit in the depth interval betwesen 580 and
1040 m, corresponding to R, = 0.35% and R, = 0.45%,
respectively, kerogen concentration, extract yields, and
selected n-alkanes, naphthalenes, phenanthrenes and sulfur

aromatics were identified and guantified for a number of

samples from each lithofacies.

The analvzed compounds were chosen because they represent
major organic matter constituents of an organic-rich
sediment. Kevogen is the solid component of the oxrganic
matter. Bitumen is a complex mixture of organic compounds
that can be extracted with an organic solvent from a rock.
Owing to the analytical procedure applied; only higher
molecular weight compounds (C,;, ) are recovered. Lower
molecular weight compounds of the gas and gasoline range
can only be analyzed in a gquantitative fashion if sealed
canned samples are collected from a freshly drilled cozxe
immediately after xrecovery (Schaefer et al., 1878).
Because freshly drilled material was not available for
t of the gas

both maturity levels, a guantitative assessmen

phase would not be relevant.

The bitumen extract of the samples was separated by medium

... -pressure liguid chromatography into aliphatic
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hydrocarbons, aromatic hydrocarbons, and NSO-compounds
(Radke et al., 1980). The concentrxation of the asphaltene
fraction (n-hexane insoluble fraction) was determined by
differences between the total bitumen extract yields and
the sum of the aliphatic hydrocarbon, aromatic hydrocarbon
and NSO-compound yields. Selected molecular species of
the aliphatic and aromatic hydrocarbons were identified by
gas chromatography and guantified. N-alkanes,
naphthalenes, phenanthrenes, and dibenzothiophenes were
chosen because these compound classes are major fractions
of crude oils and bitumens and have been successfully used
to solve questions of hydrocarbon generation and migration

{(e.g. Leythaeuser et al., 1988a, 1988b).

Mass Balance Approach

In order to monitor the generation progress over the
studied maturity interval, organic carbon normalized
concentrations of selected compounds were assembied to a
mass-balance. The soluble organic matter vields of a
number of samples from each of the sedimentary facies from
both maturity levels were averaged and compared to each
other. If a vyield increase was Observed, it 1is
interpreted to reflect progressive petroleum formation. A

mass balance is then established:
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Compound Yleldgmmﬁwd =

Compound Yleldmore magure samp%e = Compound Yleldless mature sample *

A number of samples (three or four) from each facies from
both locations was averaged to get a reliable trend. The
selection of samples for this mass balance calculation was
based on bulk organic geochemical characteristics. The
samples of each facies group chosen from Amelie II and
Berrwiller contain similar contents of oxrganic carbon
(TOC), similar hydrogen index wvalues (in the case cof the
marl samples), very similar carbonate contents (CaC0,;),
and, at the same maturity stage, similar yields of extract

(see Appendix).
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4.6 Inventory of Chemical Changes of the Lithofacies of

the § unit of the Mulhouse BRasin over <the HMaturity

Interval 0.35-0.45% R,

The first step in establishing a mass balance is t©o
inventory the abundance of the studied compounds at each
maturity level. In the this chapter a data base for each
compound class is established. For the lithofacies of
each maturity interval, first the solid organic matter
(kerogen concentration)} is presented, followed by the
extractable organic matter concentration . The compound
classes of the organic matter are then presented with
their hydrocarbon subfractions (Tables 3 and 4).

£.6.1 ZFKervogen

Most petroleum geologists accépt that +the bulk of
petroleun hydrocarbons are generated by thermal
decomposition of kerogen in source rocks during long
periods of burial (Hunt, 1879; Tissot and Welte, 1984).
The process of petroleum formation is thought to occur as

a decomposition of the labile portion of the kerogen into

liguid bitumen and finally a partial decomposition of this
bitumen into oil and gas (Lewan, 1992). A consequence of
this process is a continuous decrease in the kerogen

content of a source rock and at the same time, an increase
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Marl Typs B 0.35 25.77 3.45 40.589 11.74 918.18
0.45 38.24 6.78 53.57 101.74 792.67
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Laminated Anhydrite | 0.35 16.70 4,85 6.24 80.51 102.10
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in the liquid organic matter portion, as long as no

petroleum is expelled.

In order to document kerogen conversion a&s a consegquence
of the maturation progress, the average carbon content of
the kerogens normalized +to the total oxganic carbon
content of the sediments was calculated for samples of
each sedimentary facies at 0.35% R, and 0.43% R,
respectively. As a first step, the total organic carbon
content of the sediment was measured. In a second step,
the actual carbon content of the bitumen fraction was
calculated. The aliphatic hydrocarbon and the aromatic
hydrocarbon fractions, the NSO-compounds and the
asphaltenes of the bitumen were converted into the actual
carbon content of each fraction by multiplying the organic
carbon-normalized yields of each fraction by a correction
factor. The correction factors proposaed by Tissot and
Welte (1984) as appropriate for average bitumens of source
rocks are 0.88 for the aliphatic hydrocarbons, 0.%2 foxr
the aromatic hydrocarbons and 0.74 for the NSO-compounds
and asphaltenes and approximate the actual carbon content
of each chemical compound class. By this method,; the

carbon concentration of the bitumen is detexrmined and can

E_l

be expressed as a partial concentration of the total
organic carbon content (mgC/g TOC). The measurable total
organic carbon of a sediment consists of the sum of the

.carbon of the kerogen, the extractable organic matter, and
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liguid and gaseous organic matter that cannot be extracted
with organic solvents. Therefore, if the carbon content
of the extractable organic matter is removed from the
total organic carbon, the remaining carbon content is that
of the kerogen and the non-extractable organic matter of
the sediment. The carbon content of the kerogen and the
non-extractable organic matter cannot be separated by this
method. However, it is to ©be expected that the
concentration of organic carbon bound in the kerogen at
low maturities exceeds by far the organic carbon bound in
the non-extractable organic matter. Therefore, they are
both treated as "kerogen" in the concentrations presented
in Table 3. The concentrations repoxrted in Table 3 are
the carbon concentrations of each organic matter species

in one ¢gram of organic carbon.

The results of the calculations (Table 3) show that the
"kerogen" portion of the total organic carbon varies
between 799 and 956 mgC/g Corg OF 79.9% to 95.6% of the
total organic carbon. The normalized kerogen content
Q

generally decreases with increasing maturity (Fig. 358).

An exception is that the kerogen content of the massive

The decrease in the normalized Xkerogen content with

increasing maturity can be interpreted as indicative of
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kerogen conversion into liquid bitumen. The increase of
the kerogen portion of the massive anhydrite facies
indicates that in this facies, the ratic of kerogen to

bitumen has increased.

4.6.2 Total Extracts

The TOC-normalized extract yields depicted in Fig. 60 were
obtained by flow blending extraction with dichloromethane
(Radke et al., 1978). Extract yields vary between 45 mg/g
TOC (massive anhydrite, Berrwiller) and 371 mg/g TOC (marl
type B, Berrwiller) (Table 4). Generally, the extract
yield of the sediments of the § unit are unexpectedly
high, considering their low maturity. Based on the TOC-
normalized extract vields, it can be determined that
between 10% and 20% of the total organic matter is present
in the form of extractable bitumen. There is a trend of

increasing extract yvields with increasing TOC content.

When the vields within each individual sedimentary facies
are ccompared (Fig. 60), it can be seen that at the less
mature site Amelie II, marls of type A have on average the
166 mg/g TOC), followed by
lenticular anhvdrites (143 mg/g TOC), laminated anhvdrites

(109 mg/g TOC), massive anhydrites (111 mg/g TOC) and

marls of type B (104 mg/g TOC). At the more mature site
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TOTAL EXTRACTS
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Fig. 60:  Extract yields of the lz.thofacs_es of - the 'S unit
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at Berrwiller, however; the hichest yields are associated
with type B marls (261 mg/g TOC), followed by type A marls
(246 mg/g TOC), lenticular anhydrite (144 mg/g TOC),
laminated anhydrites (126 mg/g TOC) and massive anhydrites

(54 mg/g TOC).

Surprisingly, even though maturation progresses from site
Amelie II (0.35% R)) to site Berrwiller (0.45% R}, only
marls of type A and of type B show a marked increase in
total extract vyield (by a factor of 1.48 and 2.50,
respectively). The extract yields for laminated
anhydrites increase only slightly and for Ilenticular
anhydrites they remain almost constant within this
maturity interval. The extract vields of massive

anhydrites even decrease by 47% (Fig. 61)-.
Extract Composition
The bitumens of sediments can be separated into

hydrocarbons and non-hydrocarbons. The hydrocarbons of

the bitumen are contained in the aliphatic and aromatic

hydrocarbon fraction. The NSO-compounds and asphaltenes
are heterocompounds that in addition to carbon and

hydrogen atoms also contain other atoms, especially

nitrogen, sulfur, and oxygen. Immature Dbitumens are
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characterized by high proportions of asphaltenes and NSO-
compounds, whereas mature bitumens are dominated by the

hydrocarbon fractions.

The bitumens of the Mulhouse Basin sediments are rich in
heterocompounds. Asphaltenes and NSO-compounds constitute
between 55% and 87% of the total extract yields (Fig. 61).
The non-hydrocarbon fraction of the less mature extracts
(R, of the kerogen = 0.33%) from the sediments at 2Amelie
11 is generally dominated by the asphaltenes. An
exception is the extracts of the marls of type B. In this
sedimentary facies, HNSO-compounds dominate the non-
hydrocarbon fraction. The hydrocarbon fractions amount to

between 13% and 32% of the total extract yields of the

sediment at Amelie II (Fig. 61). The sediment extracts
from the more mature site at Berrwiller (R, = 0.45%) are
markedly different from the ones from Amelie II. The

relative proportion of hydrocarbons is higher in extracts
from Berrwiller (13-45% of the total extracts).
Anhydrite-rich  sediments (laminated, lenticular and
massive anhydrite) shoﬁ sharp increases in the relative
amounts of aromatic and aliphatic hydrocarbons when
compared to the Amelie II extracts and at the same time a
drop in the <relative concentrations of the polar
fractions. The behavior of the marl extracts, however, is

contrary to this trend. The relative concentrations of

““the polar fractions stays almost the same at Amelie II and
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RBerrwiller, even though the NSO-compound f£raction is

reduced in favor of the asphaltene fraction.

The general increase in extract yields in all sedimentary
facies from the less mature site at Amelie II to the more
mature site at Berrwiller indicates that bitumen formation
is associated with an increase in maturity. The formation
of bitumen is accompanied by a shift in the composition of
the bitumen. In general, hydrocarbon formation appears to
take ©place, while at least in the anhydrite-rich
sedimentary facies heterocompounds are either converted
into hydrocarbons or formed at a lower rate than
hyvdrocarbons. The differences in bitumen composition in
the marls compared to the anhydrite-dominated sediments
may point to distinctly different formation mechanisms for

each of these lithefacies.

4.6.3 Aliphatic Hydrocarbons

The average aliphatic hydrocarbon yields of the sediments
from the less mature site Amelie II <range between
13-2% mg/g TOC. The yields of the more mature site

Berrwiller are generally higher (11-44 mg/g TOC; Fig. 62)

[14

than at site Amelie II. The aliphatic hydrocarbon yields

increase for each defined lithofacies with the exception
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of the massive anhydrites. The aliphatic hydrocarbon
yields of this facies are approximately 20% lower at

Berrwiller than at the less mature site Amelie IT.

4.6.3.1 Bulk Yields of n-alkanes

The n-alkane yield increase over the maturity interval

from 0.35% R, to 0.45% R, can alsc be documented on a

molecular level. For this urpose the n-=C,; to n-Cu
alkanes were identified and guantified by gas
chromatography. The n-alkane concentrations range from

1.43 to 8.07 mg/g TOC at Amelie II and £from 1.34 to
19.60 mg/g TOC at Berrwiller. The total n-alkane yields;,
depicted in Fig. 63, show the same trend as the aliphatic
hydrocarbon yields. The n-alkane concentrations increase
for each lithofacies from the less mature location to the
more mature location. The massive anhydrite lithofacies
at the maturity level 0.45% R,, however, contains the

lowest n-alkane yields of all lithofacies.

4.6.3.2 Hass Balance on the ¥Molscular Level

For the purpose of a mass balance on the molecular level,
the concentrations of individual n-alkanes of a selected
number of samples from each lithofacies were compared.

Two generally different n-alkane patterns had Dbeen




{dnoxzh 2y2 Jo =beasar sya jussazdsx

-B1a

oTdures yo®ve 8aoge sSeni®Ba) JATun § Syl

"dnoxb

2€9

JO S9TNeIOUATT SY2 IO SUOTIBIIUSOUOD sueyIe~-N

25

10

Leontlcular Anhydrlie Marie Typo A
Laminated Anhydrite Marls Type B

fMassklve Anhydrite

gy



ig81

previously identified (see Chapter 4.3.4) and assigned to
organic facies A and organic facies B. The yield increase
on the molecular level is documented in the marls of type
A for organic facies A and marls of type B for organic
facies B (Figs. 64, 635). Wwithin each organic facies
group, the n-alkane vyields for samples from the same
lithofacies with identical maturity are very similar. The
overall distribution patterns stay almost identical over
the studied maturity interval. However, the absolute
vield increase per n-alkane varies considerably. In order
to demonstrate the absolute yield increase per n-alkane,
the TOC-normalized n-alkane vields of each sedimentary
facies were averaged for each maturity level, The
resulting concentrations were subtracted from one another
to calculate the absolute vyield 1increase for each

individual hydrocarbon over the studied maturity interval.

The results are presented below according to the organic
facies present in each lithofacies. First the lithofacies
that contain oxrganic facies A are discussed (marls of type
A, lenticular anhydrite, laminated anhydrite) and then

lithofacies that contain organic facies B (marls of type
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Organic Facies A

Marls of Typs A

The averaged n-alkane contents of marls of type A from
site Amelie II and Berrwiller are depicted in Fig. 66.
The absolute yield increase pexr n-alkane is also shown
(curve BE-AM in Fig. 66). This type of presentation of

the mass Dbalance results will be followed for all

lithofacies.

The results indicate that for each individual n-alkane
there is a distinct increase in yield in the maturity
interval between 0.35 and 0.45% R,. This vield increase
exceeds the content of n-alkanes that are present in the
less mature samples. No preferential generation of any
specific n-alkane species is apparent, with the exception
of a somewhat higher yield increase in the C,~-C,. range.

However, this type of yield increase is an artifact due to

evaporative loss during sample preparatiomn.
Lenticular Anhydrites
Lenticular anhydrites contain lower contents of n-alkanes

(normalized to TOC) than marls of type A in both the less

and more mature sample suites. The absolute yield
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increase over the maturity interval is lower in lenticulaxw
anhydrites than in marls of type A (Fig. 66). However, as
in marls of type A, the distribution pattern of the newly
generated hydrocarbons over the studied maturity interval
remains the same as the one from the less mature samples.
Alsc, the absolute vyield increase exceeds the n-alkane
concentrations of the less mature sample suite from site

Amelie IT.

Laminated &nhvdrites

The distribution patterns of the averaged n-alkane yields
of the laminated anhvdrites follow the general trend of
those of the marls of type A and the lenticular anhydrites
(Fig. 66). However, a pronounced even/odd predominance is
encountered in the Cyy-C,g range. The evsn/odd predominance
is even more pronounced in the more mature sample suite.
Within the organic facies A group, the absolute yield
gains for each n-alkane becomes smaller from marls of type
A through lenticular anhydrites to laminated anhydrites

(Fig. 66).
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Organic Facies B

HMaris of Type B

The differences in n-alkane distribution patterns betwesen
organic facies A and organic facies B were discussed in
the <£first chapters of this thesis. If the same mass
balances-type calculations described previocusly  are
performed for samples of marls of type B from Amelie 1II
(R, = 0.35%) and Berrwiller (R, = 0.45%), a marked
increase in the yields of all n-alkanes in the C,.~-C,, range
with increasing maturation is observed. With the
exception of n-C,., the vield increase exceeds the oxriginal

content of n-alkanes of the less mature sample set (Amelie

II; Fig. 66).
HMassive Anhydrites

The mass balance-type calculaticns for massive anhydrites
show a completely unexpected trend which 1is very
dissimilar to the ones discussed above: magsive
anhydrites from the less mature site Amelie II (R, =
0.35%) contain higher vyields of n-alkanes than massive
anhydrites from the more mature site Berrwiller (R, =

0.45%) (Fig. 67). The absolute yield decrease over this

maturity interval is most pronounced for n-alkanes in the
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C,5-C,yy range, but in general every n-alkane cccurs in lower
concentrations (normalized to TOC) at Berrwiller than at

Amelie TII.

4.6.4 Arvomatic Hydrocarbons

The aromatic hydrocarbon yields increase for each litho-
facies in the maturity interval from 0.35% R, to 0.43% R,
(Fig. 68). The most pronounced increase is recorded for
the laminated and lenticular anhydrite lithofacies. Their
aromatic hydrocarbon concentrations increase by a factor
4, while the concentrations of marls of type A and of tvpe
B approximately double. It should be noted that the
aromatic hydrocarbon concentration of the massive
anhydrite facies also shows a marked gain in the aromatic
hydrocarbon yield. This behavior is opposite to yield
decreas=s for this lithofacies with respect to the total

extracts, aliphatic hydrocarbons, and n-alkanes.

4.6.4.1 Bulk Yields of Haphthalenes

The naphthalene fraction of the aromatic hydrocarbons is

characterized by higher vields in the more mature samples

“““““““““““ ghe ields in
from all lithofacies (Fig. 69). The  absolute
concentrations vary between 135 and 1951 mg/g TOC. There

is generally little variation among the samples of one
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lithocfacies from the less mature site, however,
congiderable differences in naphthalene concentration can

occur within each lithofacies among the more mature

samples.

£.5.4.2 ¥ass Balance on the ¥Molecular Level

The concentrations of selected naphthalenes, phenanthrenes
and dibenzothiophenes were determined by gas
chromatography. An inventory of the individual compcunds
that have been identified and quantified is given in Table

5.

Maphthalenes

The carbon-normalized naphthalene vyields of selected
methylnaphthalenes, ethylnaphthalenes, dimethylnaph-
thalenes and trimethylnaphthalenes show very similar
distribution patterns for all lithofacies. The highest
concentrations are recoxrded for the methylnaphthalenes and
the dimethylnaphthalenses (Figs 70, 71). The unresolved

1,3 + 1,5 dimethylnaphthalene peak corresponds inallfacies

to the most abundant naphthalene. Ethylnaphthalenesg and
trimethylnaphthalenes usually occur in lower

concentrations than the methylnaphthalenes and dimethyl-

naphthalenes.
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Naphthalenes: 1 - Methylnaphthalene (1 MN)"
2 - Methyinaphthalene (2 M)}
1 - Ethylnaphthalene (1 EN)
2 - Ethylnaphthalene (2 EN)
2,6 + 2,7 - Dimethylnaphihalene (1 DMN)
1,3 + 1,7 - Dimethylmaphthalene (2 DMN)
1,4 + 2,3 - Dimethylnaphthalens (3 DMN)
1,5 - Dimethylnaphthalene (4 DM}
1,2 - Dimethylnaphthalene (5 DMN}
1,3,7 - Trimethyinaphthalene {1 TMIN)
1,3,6 - Trimethyinaphthalene (2 TMN)
1,3,5 + 14,6 Trimethylnaphthaicne {3 TMN)
2,3,6 - Trimethylnaphthalene (4 TMIN)
1,2,5 - Trimethylnaphthalene (5 TMN)

Phenanthrenes: Phenanthrene (PH)
1 - Methylphenanthrene (1 MP)
2 - Methyiphenanthrene (2 MP)
3 - Methylphenanthrene (3 MP)
9 - Methylphenanthrene (5 MP)
2.3 + 3,5 - Dimethylphenanthrene (1 DMP)
2,7 - Dimethylphenanthrene (2 DMF)
1,3 + ? - Dimethylphenanthrene (3 DMP)?
1,6 + ? - Dimethylphenanthrene (4 DMP)
1,7 - Dimethylphenanthrene (5 DMP)
2,3 - Dimethylphenanthrene (6 DMP)
1,9 + ? - Dimethylphenanthrene {7 DMP)

Dibenzothiopkenes: Dibenzothiophene (DBT)
1 - Methyldibenzothiophene (1 - MDBT)
2 + 3 - Methyldibenzothiophene (2,3 - MDBT)
4 - Methyldibenzothiophene (4 - MDBT)

1} Abbreviations in brackets correspond to the ones used in the following tables

and figures.
3 7 indicates unresolved compounds.

Table 5: List of analyzed aromatic and sulfur aromatic
compounds. (Note the abbreviations are used in
_many of the following figures.) . = :
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The individual naphthalenes of samples of one lithofacies
with the same maturity level show only minor variations in
concentration. The naphthalene distribution patterns
remain the same at both maturity levels studied. However,
the absolute coancentration increases considerable at the
higher maturity level (e.g. marls of type A and B; Figs.
70, 71). The average yield increase of the naphthalenes

of each lithofacies is documented in Fig. 72.

Organic Facies A&

Marls of Typs A

The averaged naphthalene distribution patterns are
presented in Fig. 72. The trends of naphthalene yield
increases are in general similar to those of the
n-alkanes. However, the yield increases in the
trimethylated naphthalenes, especially for 1,3,6-TMN
(2 TMN), 1,3,4 + 1,4,6-TMN (3 TMN), 2,3,6-TMN (4 TMN) and
1,2,5-TMN (5 TMN) are less pronounced than those for the

methylated, ethylated and dimethylated naphthalenes.

The naphthalene yield increase follows the same pattern as

in marls of type A (Fig. 72). The absolute yield increase
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for esach naphthalene molecule is almost identical to those
observed in marls of type A (Fig. 72). However, in the
lenticular anhydrite facies, the absolute increase of the
trimethylated naphthalene concentrations exceeds those
encountered in the samples from the less mature site

Amelie ITI.

Laminated Anhydrites

Laminated anhydrites from the mors mature site Berrwiller
display the highest yields per naphthalene compared to
samples of lenticular anhydrites and marls of type A (Fig.
72). They also show the highest absolute yield increases
within both organic facies for each individual naphthalene

molecule (Fig. 72).

Grganic Facies B

Marls of Type B

The naphthalene distribution patterms of organic facies A
are very similar to those of organic facies B, The

hthalene molecule (Fig.

72, BE=AM) from Berrwiller toc Amelie II exceeds the
concentration observed at site Amelie ITI. The absolute

vield increase in the studied maturity interxval is lower
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for marls of type B than those of the three sedimentary

facies that contain oxganic facies A.

Massive Anhydrites

The mass balance calculation for naphthalene yields,
however, show a reverse trend from that of the n~alkanes
(Fig. 72). Here, naphthalene vyields increase markedly
over the studied maturity interval. The absolute yield
increase per naphthalene is the highest recorded among all

lithofacies (Fig. 72).

Phenanthrenes and Dibenzothiocphenes

The phenanthrene and dibenzothiophene concentrations were
determined for a selected number of samples from marls of
type A and marls of type B. The samples were chosen to
represent organic facies A (marls of type A) and organic

facies B (marls of type B).

The phenanthrene distribution patterns of the samples from

marls of type A and B are very similar (Figs. 73, 74}).
The most abundant compound is phenanthrene. The methyl-
phenanthrenes generally occur in higher concentrations

than the dimethylphenanthrenes. In both the marls of type

A and type B considerable variation of the
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concentration of individual phenanthrenes exists among
samples of identical maturity from one lithofacies. Even
though on average higher concentrations of the individual
phenanthrene molecular species generally exist in the more
mature samples, there is some overlap in the concentration

range of single compounds between the less and more mature

samples.

The dibenzothiophene distribution shows the same patterns
for marls of type A and of type B (Fig. 75). The
dibenzothiopene and l-methyldibenzothiophene are more
abundant than the 4-methyldibenzothiophene and the 2- and
3-methyldibenzothiopene. The concentration of each

compound rises with an increase in maturity.

4.6.5 NSO-Compounds and Asphaltenes

The asphaltene and NSO-compounds make up between 53% and
86% of the total extract. Asphaltene concentrations were
determined by subtracting the measured yields of the
aliphatic and aromatic hydrocarbon fractions and the NSO-

compound fractions from the total bitumen extract. The
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The aromatic and aliphatic hydrocarbon fractions display
marked vyield increases £for each lithofacies over the
studied maturity interval {exceptions aliphatic
hydrocarbon yield of the massive anhydrite lithofacies}.
The NSO-compound and asphaltene yields show a different
picture (Figs. 76, 77). The average yields of the marls
of type A and marls of type B of both compound classes
increase sharply. In contrast, the average vields of the
NSO-compounds and asphaltenes of the laminated anhydrite,
lenticular anhydrite and massive anhydrite lithofacies

decline over the studied maturity intexrval.
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&.7 Discussion

4.7.1 Petreleum Generation

Most petrcleum geologists accept that the bulk of
petroleum hydrocarbons were generated by thermal
decomposition of kerogen in source rocks during long
periods of burial (Hunt, 1979, Tissot and Welte, 1884).
Tissot and Welte (1984) summarize the views of many
workers on  petroleum formation in the following

generalized scheme.

In shallow buried organic-rich sediments, only small
amounts  of extractable organic matter is present
(inherited from living organisms). The only hydrocaxrbon
species generated at this stage is methane (biogenic gas).
As burial increases and temperature rises, heterocatomic
bonds are broken in the kerogen and CO, and H,0 are formed.
The first petroleum products liberated by this
transformation are bitumens consisting mostly of
hetercatomic {NSC) compounds and asphaltenes. Ag

temperature continues to increase during catagenesis,;

C-C bonde are cracked at incremental rates and aliphatic
side-chains are removed from the kerogen and previously
formed NSO-compounds. Most of the hyvdrocarbons formed

during this main stage of oil generation are of low to

.medium molecular weight. The transformation cf organic .
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matter during catagenesis is an overall process of
disproportionation of the hydrogen of the initial kerogen.
As hydrogen is enriched in the generated products, the
residual kerogen becomes increasingly depleted with
respect to hydrogen. After most of the labile material
has been eliminated through catagenesis, a structural
reorganization occurs in kerogen, with the development of
a higher degree of ordering. In this stage (metagenesis),
no significant amounts of hydrocarbons are generated from
kerogen except some methane. Large amounts of methane
may, however, result from cracking of pre-existing,

unexpelled petroleum.

4.7.2 Bitvmen Formation

During early stages of kerogen degradation, NSO-rich
products are generated (bitumen). In the bitumens of the
Mulhouse Basin, the dominant species at both maturity
levels are asphaltenes and HNSO-compounds. Clearly,
hydrocarbons amount to less than 50% of the total extracts
from the sediments of each lithofacies (Fig. 61).

The effectiv
when the carbon-normalized extract yields of the sediments
of the Mulhouse Basin are compared to other potential

source rocks, which criginate from different environments
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(Fig. 78). Littke et al. (1988) reported extract yields
for three lithologically comparable immature potential
source vocks, which on average contain less extractable
organic matter than the evaporites of the S unit (R, =
0.35-0.45%; Fig. 78): 1) sulfur-rich lacustrine sediments
of Miocene age from the NOrdlinger Ries (R, < 0.35%;
Rullkdtter et al., 1990), 2) the Hessel oil shale
(R, < 0.3%; Rullkdtter et al., 1988), and 3) the Posidonia
shale (drillhole Wenzen, R, = 0.48%; Littke et al., 1988).
At least in the case of the Posidonia shale (e.g.
Rullkdtter et al., 1988), and facies equivalents of the
Messel cil shale (e.g. Hillebrand and Leythaeuser, 1991),
it has been demonstrated that these potentizl source rocks
have generated and expelled hydrocarbons upon maturation.
The unusually high extract vields of the evaporite source
rocks of the S unit are also in goocd agreement with
observations by Palacas (1983, 1988), Feréuson (1988), and
Powell (1984), who also reported high extract yields from

immature carbonate-evaporite source rocks from a variety

of different locations.

An estimate of the degree of bitumen formation and
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Basin. According to Tissot and Welte (1984); the
principal zone of oil formation for the lower Toarcian of
the Paris Basin is characterized by extract yields from
70-180 mg of extract per gram organic carbon and
hydrocarbon yields of 20-100 mg/g TOC. If the rocks of
the Mulhouse Basin are comparsed to these wyield ranges
(Fig. 79), it becomes apparent that the extract yields of
the sediments of the Mulhouse Basin by far exceed those of
the Toarcian from the Paris Basin. On the other hand, the
hvdrocarbon vyields of only a limited number of samples
have reached wvalues comparable to those of the lower
Toarcian of the Paris Basin. The comparison alsc confirms
the observation that potential evaporite source rocks on
average contain much higher extract yields than shale

source rocks with similar kercgen quality.

4.7.2.1 PBitumens at Maturity Level R, = (.35

As demonstrated in Chapters 3.8 and 3.10, two distinctly
different organic facies can be recognized in the
sediments of the & unit o©f the Mulhouse BRasin. Crganic

facies A 1is present in samples of the lenticular and

in the massive anhydrite facies. The bitumen data o©of the

massive anhydrite lithofacies 1is discussed in detail in
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the section on hydrocarbon expulsion. As will Dbe

documented later, the massive anhydrites have expelled

bitumen and, therefors, represent a special case.

The average extract yields of the lithofacies c¢f oxrganic
facies A range from 109-166 mg/g TOC and are higher than
those of organic facies B (104 mg/g TOC). The aliphatic
hydrocarbon yields of the lithofacies of organic facies A
vary between 16.70 and 19.61 mg/g TOC. Marls of type B
contain 20.20 mg/g TOC. The aromatic hydrocarbon fraction
is similar in samples of both organic facies and wvaries
from 3.12 to 3.05 mg/g TOC. The most pronounced
differences between organic facies A and organic facies B
are encountered in the asphaltene content. Organic facies
A contains 80.51 to 112.35 mg/g TOC, whereas the marls of
organic facies B contain only 15.85 mg/g TOC. It should
be noted that the asphaltene content was determined by
calculation (see Chapter 4.6.5) and was not measured
directly, and hence may be less accurate than, for
example, the concentrations of the aliphatic or aromatic
hydrocarbons. However, the differences between organic

facies A and organic £facies B with respect to the

determination process of the asphaltene concentration.

The NSO-compound content is the highest in organic facies

B.
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It is evident that even though within each organic facies,
representative lithofacies display very similax
compositions with respect to the extract fractions, marked
differences exist between organic facies A and B. The
reason for these differences is probably to be found in
the composition of the kerogens of each organic facies.
The kerogens of organic facies A are dominantly comprised
of amorphous organic matter with some alginite and
vitrinite. Organic facies B is «xich in alginite
(>50 vel.%) and contains more wvitrinite than organic

facies A.

The thermal degradation products of alginites are
predominantiy n-alkanes and some aromatics (e.g. Largeau
et al., 1984, 1986; Derenne et al., 1988). This
observation may explain the markedly higher aliphatic
hyvdrocarbon yields of organic facies A over organic facies
B, even though n-alkanes are also to be expected from the
thermal degradation of other macerals, e.g. cutinite,
sporinite, and suberinite (Nip et al., 1986, 19839; Prahl
et al., 1985; Tegelaar et al., 1888). The differences in

the extract vields from organic facies A to organic facies

required for bitumen formation from kerogen. It is well
documented that the kinetic energies regquired for

petroleum generation wvary considerably with kerogen




217

guality and type (Quigley et al., 1887; Ungerer and Pelet,

1987).

4.7.2.2 Bitumens at Maturity Level 0.453% R

The extract yields of the bitumens of the lenticular and
laminated anhydrite facies and the marls of types A and B
are higher at maturity level 0.45% R, than at 0.33% R,.
The lithofacies containing organic facies A shows a
moderate increase by a factor of 1.01-1.47. In contrast,
the extract vields of marls of type B (organic facies B)
displays a 2.5-fold total yield increase (Table 4). The
small increase in extractable orxganic matter from the
lithofacies with organic facies A is, in the case of the
lenticular anhydrites and laminated anhydrites,
characterized by an increase in the aromatic and aliphatic
hydrocarbon fractions (approximately 4-~-fold; Table 4).
This shift is significant and raises the hydrocarbon
content of both lithofacies to more than 40% of the total
extract yield. This value is considerably higher than the
hydrocarbon to non-hydrocarbon ratic of shale source rocks
at comparable maturity levels. Tissot and Welte (1584)
report average hydrocarbon contents of approximately 25%
of the total extract for type II kerogens of the lower
Toarcian of the Paris Basin at the onset of the principal
zone of oil formation. The increase in extract yields of

.the 1lithofacies of marls of types A and B are primarily
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caused by higher asphaltene contents and/or only a minor
rise in the hydrocarbon fractions. The hydrocarbon
portions of both lithofacies amount to up to 20% of the
total extractable bitumen and, hence, are similar to those
reported from the onset of the oil window of the lowexr

Toarcian of the Paris Basin (Tissot and Welte, 1884).

The mass balance for the maturity interval 0.35-.043 R,
expresses the net gains and losses for the extract sub-
fraction of each lithofacies (Fig. 80). The net balance
over the maturity intexrval 0.35-0.45% R, can be considered
to be an expression of active hydrccarbon generation.
Hydrocarbons are indeed newlv formed in each lithofacies

ragardless of organic facies type.

To interpret the results of the net changes documented in
Fig. 80 in a quantitative fashion and delineate the
processes of hydrocarbon formation, the following
guestions need to be addressed: 1) is the observed net
gain solely a product of petroleum formation, or 2) is it
the combined effect cf; for xample, simultaneous

petroleum formation and migration; oxr 3) a result of

A satisfactory answer to the gquestion raised above is

exceedingly difficult because little is known about the
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details of hydrocarbon formation, especially within a
stage of early maturation at comparatively low
temperatures. The general consensus of most workers, as
summarized by Hunt (1979) and Tissot and Welte (1884),
appeaxrs to be that petroleum generation at low
temperatures is caused by the thermally-induced cleavage
of carbon-sulfur, carbon-nitrogen, and carbon-oxygen bonds
in the kerocgen, which requires considerably lower
activation energies than the cleavage of carbon-carbon
bonds (e.g. Loudon, 1988). The products liberated £from
the kerogen matrix by this process should ideally
represent a random cross-section of the kerogen
constituents. However, reactions of the released products
in the bitumen phase itself, which is a complex mixture of
compounds of various compositions and chain lengths, will
alter the bitumen composition. Therefore, a direct
relationship between bitumen composition and kerogen
structure cannot be determined (Rullkétter and Michaelis,
139C). In light of this consideration, it is extremely
difficult to predict the mode of formation of bitumen from
kerogen in a gualitative fashion, much less the guantity

of bitumen that will form in a specified temperature

Because a direct prediction of the guantity of bitumen

expected to form in a specific temperature interval from

-_-kerogen is not possible based on the current state of
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knowledge in organic geochemistry, indirect reasoning has
to be applied to verify whether the bitumen vield increase
in a particular maturity interval is a function of the
petroleum generation process or a combined effect of
several processes. Processes that are known to result in
a reduction of <the bitumen content in a paxrticular
maturity interval are the expulsion of petroleum products

and the conversion of bitumen into gas.

At low maturity levels, the most effective method of gas
formation is the biochemical generation of methane via
fermentation processes. These fermentation processes are
apt to produce isotopically light hydrocarbons (e.g. 5”01
= =353 to -%0 %, PDB). Gas analysis of samples from the
Mulhouse Basin (Whiticar, 1990) indeed detected a high gas
content (up to 18,509 ppb 2C,-C)}. The isotopic signature
of these gases, however, is isotopically heavier than the
gases produced by bacterial fermentation. The carbkon
(61%C = -42.3 to -33.8 per mil PDB) and hydrogen (6D, =
-220 per mil to ~234 per mil SMOW) stable isotope
signatures in combination with the molecular composition
of the natural gases indicate the hydrocarbons may be of
thermogenic origin. Whiticar (19%90) concluded that these
hydrocarbons could be allochthonous in nature and have
migrated in from source rocks at higher maturity levels
(0.6~-0.8% R). However, organic matter from evaporite

. deposits at Solar Lake have been shown to be significantly
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enriched with respect to 3¢ (8%3c = -4.4 per mil;
Schidlowski et al., 1984) when compared to the isotopic
composition of average biogenic matter (éwc = «20 to =30
per mil; e.g. Schidlowski, 1982; Hayes, 1883). If the
organic matter of the evaporites of the Mulhouse Basin was
also enriched in 3¢, the anomalously low o3¢ isotopic
values may be the result of isotopic fractiocnation in the
depositional environment rather than an indicator for the
thermogenic origin of the entrapped gases. It 1is,
therefore, not yet possible to interpret the origin of the
gas content of the sediments of the Mulhouse Basin with a

satisfactory degree of confidence.

Primary migration could also have altered the amount and
composition o©of the bitumens at both sites and, hence,
affected the net balance of the newly-formed products
within this interval. Especially in the 1light of the
results for the massive anhydrite facies, which, as will
be documented in a later section, has expelled bitumen.
The absolute amount of hyvdrocarbons of this facies,
however, is low duwe to the low carbon content of this
iithofacies (0.1~0.3% TOC) most likely only comparatively
small guantities and hence only minor amounts of

hydrocarbons have actually been expelled.

Cne way to document hydrocarbon migration is the presence

. of remnants of the expelled phase such as bitumen-stained
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fractures, hydrccarbon-bearing £luid inclusions or sealed
microfractures in diagenetic minerals, o¢il impregnations
or seeps. However, none of these migration indicators has
been observed at the sampling sites Amelie II and
Berrwiller, or in thin sections and/or polished slabs of
the studied sample set. These observations make the
impregnation of the sediments of the Mulhouse Basin by
migrated hydrocarbons rather unlikels. Additionally, if
significant hydrocarbon expulsion had taken place, =a
higher degree of variation with respect to the
concentrations of each molecular species would be expected
in any one lithofacies at the same maturity level,
particularly in the alkane and naphthalene patterns of the
samples. However, the n-alkanes and naphthalenes of the
samples of each lithofacies at identical maturity level in
the Mulhouse Basin displayv very similar concentrations on
a molecular scale (Figs. 64, 65, 70, 71). It appears
unlikely that all of +these samples have expelled

hvdrocarbons to the same degree.

The arguments presented above indicate that petroleum
generation 1s probably the most important process to
explain the observed trends of bitumen vield increase from
the samples from the lenticular anhydrite, laminated

anhydrite and marls of types A and B.
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Based on this assumption, the net balance presented in
Figure 80 can be further interpreted in the following way:
The four lithofacies can be divided into two groups based
on the net increase of the extract fractions. The first
group contains the laminated and lenticular anhydrite
lithofacies and the second group contains the lithofacies
of marls of type A and type B. The lithofacies of the
first group are characterized by high absolute net gains
in the aliphatic and aromatic hydrocarbon fractions
relative to the lithofacies of the second group, and by a
net loss in asphaltenes and only minor gains in total

extract yvields compared with the second group.

It is especially surprising that the gains in aromatic and
aliphatic hydrocarbons of the laminated and lenticular
anhydrite facies exceed by far the gain in total extracts.
Because the asphaltenes and, in the case of the lenticular
anhydrite lithofacies, also the NSO-compounds, decrease at
the same time, it appears that the hydrocarbons are formed

at the expense of the NSO-compound and asphaltene

fractions.

Asphaltenes and HNSO-compounds can be considered to Dbe
small fragments of kerogen (Louis and Tissot, 1967) and
under pyrolysis conditions yield comparable hydrocarbon
distribution patterns (Muscio, 19891). Hydrocarbon

formation from NSO-compounds and asphaltenes also reguires
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considerably lower activation enerxrgies than the formation
from kerogen, as documented by pyrolysis experiments by
Muscio (1981). It has been suggested by Pelet et al.
(1886) that asphaltenes and HNSO-compounds play an
intermediate role in hydrocarbon formation. Hydrocarbon
formation may either occur directly from  kerogen
degradation or via intermediate asphaltene and/or NSO-

compound formation and subgequent degradation to

hydrocarbons.

Further support for the hypothesis that asphaltenes may
have contributed to hydrocarbon generation in the samples
of the Mulhouse Basin can be drawn £from the flash-
pyrolysis experiments of ESinninghe Damsté et al. (19%90).
He and his co-workers demonstrated that upon pyrolysis,
asphaltenes and kercogens of the § unit of the Mulhouse
Basin formed products very similar to each other. The
pyrograms were notably rich in n-alkanes (Cs=Cag)
n-alk-l-enes (C5-Cag) s isoprencid alkanes and alkenes. 1In
view of these results, the conversion of asphaltenes and
possibly NSO-compounds to hydrocarbons in the lenticular
and laminated anhydrite facies appears toc be at least a

viable hypothesis.

If, however, for the anhvdrite lenticular and laminated
lithofacies, one considers the formation of hydrocarbons

in the maturity interval 0.35%-0.45% R, primarily as a
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result of asphaltene/NSO conversion then the lithofacies
of marls of type A and type B must follow a different
conversion scheme, becausse the end products are
significantly different. Lithofacies of marls of type A
and type B display a net gain in total extracts, aliphatic
and aromatic hydrocarbons, and asphaltenes. The HNSO-
compounds of marls of type A display a small loss when
comparad to the gains in the asphaltene £fraction. The
mechanism that leads to the formation cof hydrocarbons in
both of these lithofacies does not only result in
hydrocarbon formation, but also favors formation of
asphaltenes and, to scme extent, NSO-compounds.
Therefore, it appears that the marls of type A2 and type B
follow the classical kerogen conversion mcdel that results
in formation of minor amounts of hydrocarbong and large
amounts of heterocatomic-rich compounds at low maturity
levels (Tissot and Welte, 1984; Hunt, 1879). It mayv be
possible that hydrocarbon formation may also occur via
asphaltene conversion within these lithofacies. The
kerogen conversion process, however, appears to be the

more effective process dominating the resulting chemical

signal.
4.7.3 HMolecular Considerationg for Hydrocarbon Generation

In order to study hydrocarbon generation, a mass balance

 appzoach previously established by Leythaeuser et al.
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(1980) and Radke et al (1986) was applied. The carbon-
normalized yields of total extracts, selected n-alkanes
and aromatics were compared with increasing maturity.
Previous workers in evaporite depositional environments
have questioned whether anhydrite and halite rocks are
able to preserve organic matter and to release significant
amounts of hydrocarbons upon maturation (e.g. Sonnenfeld,
1985; ‘Warren, 1986). To further Iinvestigate this
question, the same mass balance type approach was
performed for all lithofacies of the S unit. The results
depicted in Figures 66 and 72 suggest that all lithofacies
of the S unit of the Mulhouse Basin reveal increasing
yields of n-alkanes and naphthalenes which are interpreted
to result from thermal evolution of this rock suite. The
only exception was observed for massive anhydrites, whose
n-alkane yields decrease with increasing maturity of their
organic matter content. This observation will be

discussed in the next sub-chapter.

Certain n-alkanes are known to stem directly from the
organisms incorporated in the organic matter fraction of
source yocks and have besen classified as biological marker
substances (e.g. Comet and Eglinton, 1987). Naphthalenes,
on the other hand, do not occur in living organisms
(Radke, 1987 and references therein). However,
naphthalenes have been reported to occur widely in ancient

~sediments and coals, where they are believed to be
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derived, at 1least in part, from degradation of natural
terpencids {Alexander et al., 1985 and references
therein). An increase in the yield of naphthalenes with
increasing thermal maturity can, therefore, be interpreted
as an indication of hydrocarbon generation (Radke et al.,
1986). Following these arguments, the increase of the
naphthalene and, by analogy. n-alkane yields are

interpreted as a result of active hydrocarbon genexation.

Having established that at least an initial stage of
hydrocarbon generation occurs over the investigated
maturity  intexrval, the question of how effective
hydrocarbons are formed arises. The relative
effectiveness of hydrocarbon formation can be assessed
when the carbon-ncrmalized concentraticon of each compound
class in a given sample is divided by the respective

concentrations of the less mature sample.
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4.7.3.1 ERelative Increases in Selected n-alkanes and

Haphthalenes

To determine whether any hydrocarbons were formed
preferentially over the studied maturity interval, plots
of relative yield increases were constructed for selected
n-alkanes and naphthalenes of all lithofacies (Figs. 81,
82, 83). The trends shown in these figures represent
"generation factors” (= generation rate factors of

Leythaeuser et al., 1980) for each hydrocarbon calculated

according to:

average hydrocarbon Y131dmmemmmegw

generation factor =
average hydrocarbon yield . .. e

Hence a generation factor of 1 implies no yield increase.
Note that no generation factors could be calculated for
n-alkanes from massive anhydrites, because the yield per

n-alkane decreases over the studied maturity intexval.

The generation factors for n-alkanes o©f samples from
organic facies A (marls of type A, lenticular anhydrites
and laminated anhydrites) are uniform for the carbon
number range from C,; to C,,, showing a narrow range of
variation around a value of 2.5. This implies that the
concentrations of most n-alkanes from all sedimentary

facies containing organic facies A increased by a factor
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of 2.5 compared to the amounts of n-alkanes present in the

samples of the less mature site Amelie II.

The corresponding trend for marls of type B (Fig. 81) that
contain oxganic facies B displays on average higher
generation factors than those of oxganic facies A, In
addition, n-alkanes in the Ci5~Cyy range formed at a higher
rate than n-alkanes in the C,, range in samples of marls

of type B.

The trend of relative yield increase for naphthalenes of
all sedimentary facies (Fig. 82) indicates that the
anhydrite-dominated  facies (laminated  anhydrite and
massive anhydrite) experienced the highest relative vield
increases for each naphthalene molecule. Marls of type A,
marls of type B, and lenticular anhydrites show rather
similar relative wyield increases; i.e. by a factor of
approximately 3, whereas laminated anhvdrites are enriched
by a factor of 6. For all cof these sedimentary facies,
the relative yield increase per individual naphthalene
lies in the same order of magnitude. In contrast to these
observations are the relative yield increases per
naphthalene of the massive anhydrite facies (Fig. 83).
Massive anhydrites display distinct differences in vield
increase in relationship +to the naphthalene ¢groups:

methylnaphthalenes are enriched by a factor of

. approximately 9.5, ethylnaphthalenes by a factor of 8.5,
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dimethylnaphthalenes by a factor cf 6.5 and trimethyinaph-

thalenes by & factoxr of 4.5.

It should also be noted that the relative yield increases
of marls of type A and marls of type B, which represent
organic facies A and B, respectively, display the same
general enrichment patterns (Fig. 82). Marls of type A
are only slightly less enxiched in +the trimethyl-

naphthalene fraction when compared to marls of type B.

The generation factors for selected n-alkanes of
representatives of organic facies A (marls of type A,
lenticular anhydrites and laminated anhydrites) vary in a
narrow range around 2.5 (Fig. 81). This observation
suggests that all lithofacies containing organic facies A
have generated n-alkanes to the same relative extent. A
different pattern is displayed by marls of type B (organic
facies B). In this lithofacies, n-alkanes in the C,.-C,,
range have been more effectively generated than n-alkanes
in the C,-Cy range. The reason for these differences in
generation efficiency are not known, but may be a result
of the differences in kerogen or kerogen-equivalent
precursor structures. The relative yield increase for
both organic facies; however, lies in the same order of
magnitude that Radke et al. (1986) observed for saturated
hydrocarbons of Type II; kerogens in the maturity interval

- . between 0.45 and (0.55% R,. The results indicate that
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during this low maturity interval, dominantly n-alkanes of
biogenic origin (e.g. Cy;, Cyy, etc.) are released from the
kerogen or asphaltene structures. The predominant process
in the formation of the observed n-alkane distribution
patterns appears to be the breaking of carbon-hetercatomic

bonds from kerogen, asphaltene and NSQO~compound

structures.

The naphthalene generation factors show a distinctly
different picture (Fig. 82). The relative concentration
increase in naphthalenes of lithofacies that are dominated
by anhydrite (massive anhydrite, laminated anhydrite)
exceed the relative concentration increase of facies that
contain significant amounts of clay (marls of type A and
B, lenticular anhydrite) by a factor of approximately 3.
The naphthalene generation factors of the marl-dominated
lithologies lie on average at factor 3, and hence fall in
the same range as the generation factors of the n-alkanes
of these facies. It can be concluded that n-alkanes as
well as naphthalenes have been formed in the same relative
amounts in &all of these lithologies in the studied
maturity interval. Radke et al. (1986) also report
generation factors between 2 and 4 for naphthalenes from
Type II; kerogens, however, from a somewhat higher
maturity interval (0.45-0.55% R;). The lithofacies-
specific differences in the efficiency of naphthalene

. generation are difficult to explain and have not been
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previously noted. These resulis are contrary to the
observations of Alexander et al. (1982), who demonstrated
that naphthalene formation appears toc be promoted by clay

catalysis of aromatic hydrocarbon exchange reactions.

The uniform formation of individual naphthalene species
within the maturity intexval from 0.35-0.45% R, for all
lithofacies has implications zfoxr the usage of alkyl-
naphthalene ratios to assess the maturity of the bitumens
of the Mulhouse Basin (Radke et al., 1982; 1586, Alexander
et al., 1985). All of these ratios xely on the
preferential formation of naphthalene isomers with a
higher kinetic stability under successively increasing
temperatures. The temperature increment from
0.35-0.45% R, is, however, apparently not sufficient to
promote the formation of kinetically more stable isomers
in favor of 1less stable isomers. The alkylnaphthalene
ratios stay constant over this maturity interval, which
means that the reaction mechanisms needed to form these
molecules, whatever their true nature is, appear nct to be

temperature-controlled.

£.7.4 Hydrocarbon Higration

The yields of the bitumen fractions of the massive

anhydrite lithofacies for samples from Amelie II (R, =
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0.35%) and Berrwiller (R, = 0.45%) are depicted in Fig.
84. It is evident that compound vields decrease from the
less mature samples to the more mature samples. The

overall decrease results in asphaltene, NSO-compound and
aliphatic hydrocarbon yields of samples from Berrwiller
that are lower than the ones of samples from the less
mature site Amelie II. The aromatic hydrocarbon content,

however, increases over the studied maturity interzrval.

These observations are in marked contrast tc the
development of the extract yields of the other lithoifacies
of the S unit, which are characterized by ongoing bitumen
and hydrocarbon formation within the maturity interval
0.35-0.45% R,. Another phenomenon that could only be
observed in the massive anhydrite Ilithofacies 1is the
stepwise decrease of the generation factors of the
naphthalenes with increasing carbon number (Fig. 83).
These observations raise the guestions of how these
differences develcoped and which processes are responsible

for the resultant patterns.

&4.7.4.1 Bitumen Composition of the Hassive Anhydrite

Lithofacies

The extract yields of the massive anhydrite lithofacies at

amelie II (111.72 mg/g TOC) is similar to the yields of
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the lenticular anhydrite {143.88 mg/g TOC) and laminated
anhydrite lithofacies (190.11 mg/g TOC) from the same
maturity level (Table 4). The extract composition of all
three lithofacies varies by only 1-3% in each bitumen
subfraction (Fig. 61). it appears, therefore, that
bitumen formation has occurred te & similar extent in each

of these lithofacies up to the maturity level of 0.35% R,.

Another obsexrvation shared by the massive anhydrite
lithofacies with the laminated and lenticular anhydrite
lithofacies is the net loss of asphaltenes and NSO-
compounds within the maturity intexrval from
0.35%-0.45% R . As discussed previously {Chapter
4.7.2.2), the net loss of asphaltenes and NSO-compounds in
the lenticular and laminated anhydrite <facies is most
likely the result of the conversion of these compound
classes into hydrocarbons via the cleavage of
comparatively weak carbon-oxygen, carbon-sulfur, or
carbon-nitrogen bonds. It appears likely that at least
part cf the net loss of the asphaltene and NSO-fractions

may be attributed to the same process.

The conversion of asphaltenes and KNSO-compounds into
hydrocarbons should result in a net increase 1in the
aromatic and aliphatic hydrocarbon fractions in the more
‘mature samples of the massive anhydrite lithofacies. The

aromatic hydrocarbon fraction of the massive anhydrites at

i 4
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Berrwiller follows this trend, even though the amount of
newly-formed aromatic hydrocarbons is much lower than
would be expected if the complete net loss of asphaltenes
and NSO-compounds would have resulted from hydrocarbon
formation. The aliphatic hydrocarbons, however, decrease
in concentration, contrary to the expected increase Dby
asphaltene/NSO conversion. Therefore, & second process
must be involved to explain the observed net result. The
decrease in +the aliphatic hydrocarbon fraction is most
likely a product of bitumen expulsion from samples of the
massive anhydrite lithofacies at the more mature site at
Berrwiller. Bitumen expulsicn is likely to have affected
all  Dbitumen  subfractions the aliphatic hydrocarbon
fraction, the aromatic hydrocarbon £fraction, the NS0-
compounds and the asphaltenes, since the overall extract
yields decrease by more than 50% from Amelie II to
Berrwiller. The concentrations of the residual Dbitumen
fractions measured in the more mature samples at
Berrwillier reflect, therefore, the combined effects of
bitumen formation and bitumen expulsion in the maturity
interval from 0.35%-0.45% R,. The net increase of the
aromatic hydrocarbon fraction and the net loss of the
aliphatic hydrocarbon fractions may either indicate that
aromatic hydrocarbons are formed at a higher rate than
aliphatic hydrocarbons in this maturity interval, or that

the process of bitumen expulsion was more effective for
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the aliphatic hydrocarbon fraction than for the aromatic

hydrocarbon fraction, i.e. a fractionation effect.

&4.7.4.2 Fractionation of NHaphthalenes

In contrast to the decrease in extract and n-alkane yield
with increasing maturity, the naphthalene concentrations
of the massive anhydrite lithofacies follow the trends of
all the other lithofacies and show a marked increase in
concentration over the studied maturity interval. The
second phenomenon that can be observed in the naphthalenes
of the massive anhydrite lithofacies is the evident
decrease in the generation factors with increasing carbon
number (Fig. 83), which 1is not displayed Dby the
naphthalenes of any other lithofacies. The generation
factor distribution pattern can either stem from preferred
generation of naphthalenes with lower carbon number over
those with higher carbon number, or must be caused by
another mechanism that leads to a carbon-number-specific
fractionation. There are three arguments against
preferential generation of naphthalenes with lower carbon
numbers: 1) Why should a  carbon-number-specific
generation occur only in one lithofacies and leave the
other unaffected? 2) Radke et al. (1986) showed that
substantial fractionation, as a conseguence of formation

- of thermally more stable isomers, occurs at much higher
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maturities than encountered at Amelie II and Berrwiller.
3) HMHaturity-induced fractionation is not a carbon number
specific process, but depends on the substitution of the
alkyl groups on more reactive a or less reactive J
positions on the naphthalene nucleus (e.g. Radke, 1887,
and references therein). Therefore, it appears unlikely
that differences in the generation rate are responsible

for the observed generation factor patterns.

If carbon number-specific naphthalene generation is not
responsible for the observed generation factor patterns,
then  other processes must lead to the observed
fractionation trend. As demonstrated above, bitumen
expulsion from the samples at Berrwiller has most likely
taken place in the maturity interval 0.35-0.45% R,.
Hence, one process that may have led to the fractionation
of the n-alkane patterns may be bitumen expulsion. The
expulsion of naphthalenes from mature shale source rocks
as shown by Leythaeuser et al. (1988b) was not associated
with a £fractionation of the naphthalenes. However, the
massive anhydrites of the Mulhouse Basin are not organic-

rich source rocks, and hence may follow completely

different expulsiocon mechanisms than shale source rocks.

A process that leads to the fractionation of naphthalenes
and has been studied in considerable detail is waterxr

washing of hydrocarbons. Bydrocarbons are known to
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dissolve in water to varying degrees, depending on
hydrocarbon type. Data collected by MchAuliffe (1979) and
Lafargue and Barker (1988) demonstrate that aromatic
hydrocarbons are by far more soluble than aliphatic
hydrocarbons. Particularly the n-alkanes with carbon
numbers ¢greater than 12 display soclubilities of less than
0.01 mg per liter (25°C, McAuliffe, 1979). The
naphthalenes, however, are far more soiuble than the
n-alkanes. Dimethylnaphthalenes, for example, are over
600 times more soluble than n~C,, (McAuliffe, 187%9). The
solubility among members of the naphthalene group also
varies considerably. Hethylnaphthalenes are approximately
i0 times more socluble than dimethylnaphthalenes
(McAuliffe, 1879). In general, there appears to be a
decrease in solubility from methylnaphthalenes toc di-
methylnaphthalenes and trimethylnaphthalenes (McAuliffe,
197%; Lafargue and Barker, 1988). Data for ethylnaph-
thalenes hawve not been published, however, because
solubility appears to decrease with carbon number and
molecule size, they are expected to have solubilities that
fall between the sclubilities of the dimethvlnaphthalenes

and methylnaphthalenes.

Water washing of a mizxture of naphthalenes will,
therefore, remove naphthalenes according to their water

solubilities. The residual naphthalene mixture remaining
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effects of fractionation. Methylnaphthalenes will be
depleted to the highest degree, followed by ethylnaph-
thalenes, dimethylnaphthalenes, and trimethyinaphthalenes.
This depletion pattern, however, is apparently opposite to
the relative stepwise enrichment indicated by the

generation factors of the naphthalenes in the maturity

interval 0.35=0.45% RO,

This apparent contradiction can be resolved 1f the
diagenetic evolution of the massive anhvdrite lithofacies
is vreconstructed. As documented in Chapter 3.5, the
massive anhydrites were deposited as beds of gypsum (relic
pseudomorphs o©of anhydrite after gypsum can still be
recognized). The phase transition from gypsum to
anhydrite results in a 39% reduction of the rock volume as
water is liberated from the c¢rystal structure of gypsum
during burial. The expulsicn of this water will result in
a tractionmation of the naphthalenes present at this time
in the rock. Since the phase transition from gypsum to
anhydrite has occurred uniformly at Amelie II and
Berrwiller, it is to be expected that naphthalene patterns
in both areas have been affected. Following the phase
transition, the rocks at Amelie II have been buried to
580 m and have continued to generate hydrocarbons,
including naphthalenes. The newly-generated naphthalenes
will Dbe added to the residual hydrocarbon mixture

overprinting the initial depletion pattern. The same
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overprint occurs at Berrwiller (1040 m)}. However, because
of the higher degree of maturity at Berrwiller, a larger
quantity of naphthalenes is generated after the water
washing event, and the depletion caused by water flushing
is more and more diluted by the newly-generated

hydrocarbons.

If generation factors are constructed, then the
naphthalene concentratiocns of the less mature site Amelie
IT, which still has a stronger overprint of the water
washing event, 1is compared to Berrwiller, which has a
weaker imprint duwe to the higher admixture by newly
generated hydrocarbons. The resultant generation pattern
would suggest a preferential generation of methyl-
naphthalenes over ethylnaphthalenes, dimethylnaphthalenes
and trimethylnaphthalenes, even though this pattern is
caused by different degrees of overprinting of an
initially water-washed mixture by newly generated

naphthalenes.

The fractionation pattern of the naphthalenes documented
here indicates clearly that fiushing by water resulting
from the gypsum/anhydrite phase transition has indeed
affected the organic matter of the original sediment.
This had previocusly been suspected by Sonnenfeld (1985)

‘and Warren (1%86), who considered water flushing as an
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explanation for the low hydreocarbon content of many

anhydrite rocks.

It still remains puzzling that this fractionation pattern
is only observed in the massive anhydrite lithofacies and
not in the lenticulaxr and laminated anhydrite lithofacies.
The reason for this observation may lie in the
distribution of the organic matter in these lithofacies.
In the massive anhydrites, organic matter is randomly
distributed throughout the anhydrite matrix. In the
laminated and lenticular anhydrite lithofacies, most of
the organic matter is concentrated in the marl matrix.
Experiments by Burkow et al. (1990) show that naphthalenes
can be absorbed on clay minerals, which would tend to

protect these hydrocarbon species from being dissolved and

flushed out by water washing.




247

4.8 Summary and Conclusions

The organic matter content of the sediments of the S unit
of the Mulhouse Basin is immature. The maturity of the
organic matter at site BAmelie II <corresponds to a
vitrinite reflectance level of 0.35%. At sampling site
Berrwiller, 0.45% R, is reached. The composition of the
extractable organic matter of the lithofacies of the

S unit at all sites is dominated by heterocompounds (NSO~

compounds and asphaltenes). Hydrocarbons constitute less
than 50% of the soluble organic matter. These extract
compositions support the vitrinite reflectance

measurements and also point to an immature state of the
organic matter, Compared to shale scurce rocks of the
same maturity, the evaporite sediments vyield high amounts
of extractable c¢rganic matter, a phenomenon which is
typical for carbonate-evaporite souxce rocks in many parts

of the world (Palacas, 1984).

The comparison of the extractable organic matter from two
locations with identical sedimentary facies and presumable
initial organic matter content in the form of a mass
balance showed that even though the maturity interval is
narrow, bitumen formation took place. The mode of bitumen
formation, however, was lithofacies specific. Marl

sediments, which are in general richer in organic matter

than  sediments  containing considerable  amounts  of
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anhydrite, formed bitumen in a more effective way than
their anhydrite-containing counterparts. However, bitumen
formation in the marl sediments did not lead to a
significant increase in the relative hydrocarbon content
of the bitumens. In contrast, anhydrite sediments
generated only minor amounts of bitumen in the maturity
interval Dbetween 0.35% R, and 0.45% R,. But the
hydrocarbon content of the bitumens increases considerably
in the extracts of the more mature samples o©f these
lithofacies: the anhydrite sediments at Berrwiller
contain up to 45% hydrocarbons. The differences in the
composition of the bitumens can be attributed to different
mechanisms of Dbitumen and hydrocarbon formation. The
marl-dominated lithofacies appear to form bitumen by the
conversion of kerogen into liquid organic matter. The
lenticular and laminated anhydrite facies, however, appear
t0 generate only minor amounts of bitumen via kerogen
conversion in the studied maturity interval. The main
process that alters the composition of the bitumens of
these 1lithofacies appears to Dbe the conversion of
asphaltenes and HNSO-compounds into  hydrocarbons by
cleavage of the weak carbon-oxygen carbon-sulfur, and
carbon-nitrogen bonds, The n-alkane and naphthalene
patterns generated by either process are identical, which
supports the hypothesis that asphaltenes and NSO-compounds
can be considered as kerogen-like entities with a similar

overall structure.
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The migration of Dbitumen has altered the bitumen
concentration and composition of the massive anhydrite
lithofacies at Berrwiller. The analysis of the bitumen
that remained in the massive anhydrites after "expulsion”
showed that aliphatic hydrocarbons were expelled moxe
effectively than aromatic hydrocarbons. Expulsion of NSO-
compounds and asphaltenes most likely alsoc tcook place, but
this is difficult to assess, because hydrccarbon formation
in the waturity interval 0.35%-0.45% R, may have taken
place via asphaltene/NSO-compound conversion, rather than

via kerogen conversion.

The fractionation pattern of the naphthalenes of the
massive anhydrite facies appears to be a good indicator
for water washing. This fractionation effect is a useful
tool to document that the mineral matrix of evaporite
sediment has a significant influence on the hydrocarbon

content of the sediments at a low maturity range.
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5. GENERAL CONCLUSIONS

The sediments of the 8§ unit of the Mulhouse Basin (France)
comprise a seguence of organic matter-rich evaporite
sediments. The sediments were deposited in a shallow,
partially marine-fed, perennial lake that formed in the
Oligocene in the rift valley of the Upper Rhine Graben.
The sedimentary £ill of the lake consists of marl and
gypsum ({later converted to anhydrite upon burial) and
halite beds. The lake conditions were favorable for the
accumulation of organic matter. The mass of the organic
carbon is concentrated in the marl beds that can reach
organic carbon contents up to 7%, The anhydrite and
halite beds also contain organic matter in much lower
concentrations. The accumulation of organic matter in the
marl beds was favored by low sedimentation rates and by
excellent preservation conditions, as indicated by the
absence of sediment reworking and low pristane/phytane
ratios. The éccnmalation rates of aguatic organic carbon
in the marls of the § unit indicate comparatively high
paleoproductivity. The most important factor overall in
determining the concentration of organic carbon in the
sediment of the Mulhouse Basin appears to be total
sedimentation rate. Low sedimentation rates correlate
with high organic carbon contents. Variation in
sedimentation rates is alsc the cause of the apparent

cyclic deposition of organic matter in the S unit.
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The organic matter of the sediments of the S unit comes
from two sources: The larger mass of the organic matter
is aquatic in origin, including algae and probably
bacteria. Terrigenous organic matter generally comprises

less than 10 vol% of the organic matter content.

The sediment and fossil content of a laver of the sediment
were determined by the physical conditions of the 1lake.
Two general lake conditions have been recognized. During
meromict (stratified) lake stages, marl deposition took
place. VWhen the upper water body was less saline, algae
were the dominant organic species. At elevated salinities
of the wupper water body, alga and bacterial mats
developed. Anhydrite and halite beds reflect monomict
lake stages with higher salinities and an unstable water
column. The only recognizable presence of organisms
adapted to these conditions appear to have been salinity-

tolerant algae.

It appears, based on the example of the Mulhouse Basin,
that shallow evaporitic lakes in rapidly subsiding rift
basins are an ideal enviromment for the formation and
breservation of organic matter-rich sediments, which are
apt to become hydrocarbon source rocks upon burial and

thermal maturation.
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The petroleum potential cf the evaporite deposits of the
Mulhouse Basin is further documented by the fact that
substantial amounts of bitumen have been generated in
these <rocks, even though they have only <reached
comparatively low maturity levels. In particular the
marls of the 8§ unit, which are rich in organic matter,
have generated significant amounts of pstroleum. It is to
be expected that parts of the sediments of the § unit will
become petroleum source rocks upon further burial and

concordant maturation.
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6. APPENDIX

Compilation of the raw data used in the text and figures

of the dissertation.

Abbreviations used in the following tables:

Rock-Eval Pvrolvsis

PI = Production Index
HI = Hydrcgen Index
0T = OCxvgen Index

CaC0,; = Carbonate Content
TOC = Total Oxrganic Carbon

HC = Hydrocarbons

Gazs Chromatography

Cys to Cyy = n-alkanes with carbon number 15 to 29
PR/PH = Pristane/Phytane ratio
LHCPI = Light Hydrocarbon Preference Index

(C15+Cyg4Cro) 7 (C27,Crg4Cag)

Note: Abbreviations used for individual compounds of the
naphthalene, phenanthrene and dibenzothiophene groups are

listed in Table 5.
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AMELIE H

Maris

Sample code depin TQC Tmax Bl Hi Ci CaCo3

number {m} %) [§] {mg HC {mg CO2 {36}

/g TOC) |/gTOC)

28251 1 550 2.86 431 0.1% 397 168 29.07
25251 2 580 1.61 435 0.18 398 458 42.73
25252 1 580 3.60 431 0.08 456 85 84.57
28252 2 580 1.97 431 0.14 332 1584 37.20
28252 3 580 4.58 432 0.08 485 51 30.74
28253 580 2.16 £32 0.13 420 276 38.88
28256 580 2.07 431 0.1t 351 110 31.82
28257 580 1.80 433 0.13 358 149 39.07
2825% 1 580 434 434 0.09 492 74 30.48
28258 2 580 3.16 430 0.09 457 59 45,65
23262 580 3.20 427 0.10 407 124 35.80
282866 2 580 447 431 0.12 461 132 30.73
28267 580 1.55 439 0.15 388 215 55.73
28268 580 0.85 431 0.21 278 355 38.65
28269 580 1,75 433 0.15 402 218 2357
282714 580 2.47 432 .14 438 204 3873
28272 2 580 1.19 438 0.17 295 33 §4.64
28274 580 2.95 428 0.13 405 125 45.32
28276 580 2.49 432 0.i5 390 200 42.32
28277 580 3,18 432 0.15 421 117 30.32
28280 580 3.69 426 0.12 393 i44 28.32
28281 2 580 3.52 431 0.i3 428 185 22,81
28283 1 580 3.07 431 0.11 419 194 3557
28283 2 580 4,41 431 0.12 450 108 32.32
28284 530 1.49 434 0.24 352 544 36.49
28286 580 2.29 454 0.15 S 207 45,22
28289 580 1.31 436 0.16 298 302 £6.56
28291 580 2.01 430 0.18 373 331 42.40
28292 580 1.87 432 0.20 384 318 28.49
28284 589 153 433 018 33 204 20.82
28226 580 3.33 430 0.11 387 i34 33.40
28299 580 4.40 431 2.10 457 71 35.74
28302 580 1.41 434 G.25 300 388 22.57
28304 580 1.34 433 0.19 331 319 23.16
28308 580 1.13 433 0.28 327 581 46.40
28210 580 2,36 435 g.13 436 214 33.15
28312 580 1.20 433 0.17 321 330 28.57
28314 580 1.30 436 0.22 342 487 53.31

| 28315 580 1.18 433 0.13 351 243 28.07
28318 580 0.83 431 6.21 265 388 22.16
28319 580 Q.47 429 0.14 227 447 15.74
28321 580 0.73 431 6.22 286 322 19.89
28324 580 1.12 433 0.17 341 276 30.90
28326 580 1.72 436 0.11 385 147 40.57
28331 580 0.98 433 0.22 340 408 28.16
28332 580 0.93 435 0.23 339 452 26.32
28333 580 0.94 431 0.18 358 385 25.99
28334 580 0.88 432 D.14 305 208 27.82
28337 580 0.89 434 0.23 340 545 29.82
28338 580 1.55 434 0.1 333 200 20.74
08344 580 1.27 436 0.13 303 289 19.58

Table 6: Rock-Eval pyrolysis data for marl samples from
the site Amelie II.
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Marls

Sample cods dapth TOC Tmax Pl Ht Ot CaG0o3

number (m) (%) °C) {mg HC {mg CO2 [£3)

fgTOC) |/gTOC)

28525 700 1.73 438 0.08 440 i77 36.74
28527 700 2.18 433 0.09 415 138 41.40
28830 700 3.69 426 0.08 537 131 35.82
28531 700 2.58 433 0.09 438 231 42.98
29532 1 700 1.56 434 0.09 369 337 40.48
25533 1 700 2.47 434 0.07 439 168 39.57
20534 700 3.58 431 0.07 877 108 42.88
29535 700 2.81 431 0.07 472 104 41.57
28537 700 3.17 429 0.08 483 80 44.57
28540 1 700 3.05 4286 Q.10 454 i71 48.48
29541 700 2.82 430 0.08 433 266 31.90
29542 1 700 2.82 432 0.09 448 132 31.49
28544 1 700 1.93 435 06.09 433 158 4290
28544 2 760 2.77 432 .09 466 ii7 44.82
289546 H 700 2.11 433 0.08 428 156 48.88
28547 1 700 2.38 434 0.08 481 138 55.58
29548 700 i.78 434 0.11 354 188 41.88
29551 700 1.74 433 0.08 384 152 37.65
28552 700 1.63 438 0.08 350 ig0 55.89
289554 700 1.52 435 0.07 315 240 28.18
29556 700 1.85 436 6.07 368 158 32.74
28559 1 760 .33 434 0.1 288 370 42,15
28559 2 700 1.23 434 0.11 245 352 23.32
28561 700 1.53 438 0.08 325 252 27.82
285563 700 1.23 437 Q.10 267 340 21.81
29564 700 1.24 437 0.10 326 358 21.21
28565 700 1.14 436 0.10 281 281 24.99
29568 700 0.94 438 0.11 314 400 47.15
29588 700 2.8 431 012 252 312 23.24
28571 706G 1.34 434 .09 240 211 25.24
29572 700 0.88 429 0.13 201 398 i8.41
29574 700 0.75 432 010 238 3ty 18.49
29577 700 0.89 434 0.1 280 344 26.68

Table 7:

255

Rock-Eval pyrolysis data for marl samples from
the site Ungersheim.
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.

BERAWILLER
iMarls
[Sample ¢ code depth | TOC Triax Pi HI o]} CaC03
inumber (m) %) C) (mgHC [(mg CC2 | (%)
: | /gTOC) [/gTOC)
. 50&38 10401 1.50 437 0.13 344 138 44,40
! 29641 : 1040] 275 435 0.13 411 105 32.65
| 29845 1] 1040 3.52 436 0.12 457 55 30.90
: 28646 i 1040] 428 433 ¢.15 481 48 34,15
{ 29647 f 1040] 2.21 435 0.14 345 119 33.40
{29648 1] 1040 1.92 435 0.13 342 154 41.23
! 23650 i 1040 2.85 433] C.14] 421 54 47.15
; 29851 1040 3.35 430] 0.16 484 41 57.06
: 29653 1040 3.15 434 0.13 421 54 34.32
[ 29654 1] 1040 3.86 430 0.7 427 70 45.48
! 29658 1040 3.38 435 0.13 422 571 36.57
| 29857 1 1049 ] 3.35 434 0,17 415 51 29.74
i 29659 1040] 2.07 436 0.17] 394 108 58.14
! 29661} : 1040] 2.17 435| 0.17 384 124 46,07
29663 : 1040] 1.88 438 0.16 327 166 32.99
: 29665 T 1040 | 2.03 437 0.17 366 140 43.32
: 29667 i 1040] 267 436 0.18 427 88 35.49
| 296681 ! 1040 1.68 440 0.12 386 158 54.31
i 29670 | 1040 1.64 437 0.15 321 152 48.23
i 29671 ! 1040 1.71 434 0,17 337 118 30.85]
: 29673 1040 1,68 438 0.14 328 129 29.071
[ 29675] i 1040] 0.58 435 0197 292 200 30.99]
: 29678 ; 1040 | 0.85 | 435] 0.18] 246 288 24.74]
! 29677 : 10401 0.79! 434] 0.7 235 233 23.07/

Table 8: Rock-Eval pyrolysis data for marl samples from
the s;te Berrwiller. L
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Sample | code depth | T0C CaCos
number | {m) I &%) (%)
AMELIE Y
laminated anhydrite
28255 820 0.24 718
28258 B8O 0.14 883
28284 580 022 15.41
282581 1 580 0.55 18.16
massive anhydrite
28272 i 580 0.15 11.33
282588 580 0.i2 7.8
23308 580 0.3t 5.25
23325 £80 0.18 15.08
lenticular anhydrite
28265 1 550 1.2 35.74
28278 580 1.84 18.69
28208 580 i.i2 3257
nalite
28317 1 580 0.03 200
28317 2 580 0.05 9.65
28320 580 0.25 30.65
28328 580 0.21 1.83
UNGERSHER
farminated anhydmie ’
29532 5 700 0.37 20.49
22533 5 700 0.47 13.41
28536 700 0.28 17.08
massive anhydrite
28638 700 0.25 11.91
28542 5 730 0.2 16.58
28546 5 700 0.i5 558
28558 700 0.17 1.7
fericufar anhydrite
28538 760 0.55 15.24
28540 5 700 082 30.57
29542 5] 730 0.84 2432
28547 5 700 0.85 22.82
halite
28573 700 0.0% 3.58
23575 760 0.01 0.08
BERRWILLER
laminated anhydriie
28839 1040 0.24 242
20848 5 1040 0.28 11.68
28552 1040 0.19 21.24
28858 { 1040 0.78 .65
massive anhydrite
28856 T 1040 0.12 16.65
28880 ! 1040 Q.10 6.16
L 25654 i 1040 0.08 8.08
25672 | 1040 0.13 1.75
lenticular anhydrite
28645 3 1040 0.61 29.32
28850 5 1040 1.78 23.688
28654 5 1040 0.74 37.15
25857 5 1040 0.58 30.82

Total organic carbon and carbonate content; of
anhydrite and halite samples from the sites
~ Amelie II, Ungersheim, and Berrwiller.

Table 9:
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540 283521 210 18.10 1089 83 2506] 52 2 77 L 4 23]
O 282523 325 7.30 .75 6.34 0.40 49 45 2] 0 6
= - S 40¢ _ -l
g S 26253 218 7.60 470 409 051 52 35 67 13 0 13
p 0 282591 394 9.0 10.05] 9.74 0.30 7 — 80 97| 3 0 3
o :‘18 L 28262 320 .80 6.19 6.01 019 62| ~ @l a7l 73 0 3
o 28367 147 21.40 904 B3 .72 65 23 ] 8 [ ]
a~ 5 28268 0.5] 16.60] 407 TTamm| T osel a2 a8 i 0 i7
D .. =28274 295 9.10 _,_?Gé n.d. ng| __ nd nd nd)  ndj n_:g.'u;,m,__n,:gL
o o  Zageo 369 10.00 o Tioar| 9.95 052 A0 75 g5 5 0 ] 5
hog CF 28283 280 625 5847 4.96 o2} 83 43 96 4 o
o 0 = T 11.80 666 - R 2 - R Z | D - To 6
ot 28291 201 16.00] 56| nd. n.d. n.g, n.d. ' ng n.d. n.d. n.d
E ~_2d288|  a3d[ 8.20 776 n.d. n.d. nd, n.d. ndl T nd nd. n.d.
o % I 26250 a0 6.50| T 5g2 568 0.24 36 0] ) 0 A4l
et 0. 263047  1.04 25,00 7.49 nd. n.d, nd. n.d. nd. n.d. nd.i nd
QO 28312 1.20 30.30 t0.47 n.d| n.d. nd nd|  nd| ~ nd n.d. n.d.
o 36314 1.35 1900 7.38 sgal 1.70 31 46 77\ 23 0 23
0 =6 ~28318] 089 __ap0o[ T H0E7 B22| 505 80 0 80 20 0 20
g O 28321 0t 37.50 877 666 T agm 45 w78 34 0 34
o f_{ o 28333 094 T 3630 T 9Ba 8.56 128 7] 70 7 13 gl 13
S 28338 185 32.60 fa52] fd. Thdl T hdl T ndi T nd) nd|_ nd] f.d.
D ot e % 78344 127 o EB301 12.90 n.d. T nd]” nd. nd| " nd, nd, nd.
B ® n 57584 182 8200 7950 nd| " nd. nd, ndl” “nd, nd.
o . 27585 259 i2z0] T wmoe[ nd.| n.d. n.d. n.d. Tad. n.d.
b n.d.: not determined
5w
g o
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H
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Sample #

28260—1

28280 28291 28289 26318 28319 28321
Ci8 1g/a TOC 583.62 661.99 958.71 624.16]  1852.01 1327.64| 1080.04
Ci8 ua/io TOC 745.79 791.57 89249 692.04 1 1074.65 503.18 588.15
Ci7 o/ TOC 804.98 723.38 938.C0 823.65] 1880.31 1467.00( 1273.79
Cig 19/q TOC 681.59 682.15 677.16 761.25 899.20 625.82 §56.92
c19 uofcy TOO 391.91 368.91 360.28 478.21 381.15 307.42 318.85
c20 g/ TOC 403.85 394.43 423.38 485.04 205.41 155.06 150.03
c21 g/g TOC 328.00 330.68 370.24 416.85 139.12 103.67 115.19
cz2 ig/g TCC 380.97 448.47 523.32 548.00 131.60 8212 89.44
Ca3 19/ TOC 489.42 523.55 481.83 628.12 118.48 7833 94.89
C24 1igfa TOC 700.68 711.7¢ 629.48 B84.24 113.19 63.46 75.31
C25 10/g TOC 3i1.18 365.25 450.91 433.91 115.04 7218 63.30
C26 /g TOC 251.62 308.07 479.58 377.48 88.20 41.29 51.56
c27 9/a TOC 280.37 263.18 354.42 328.89 124.37 78.54 84.21
C28 /g TOC 167.99 186.86 298.C0 238.19 114.83 49.50 56.07
€29 g/ TOC 189.65 203.92 323.45 276.40 162.15 108.53 116.61
Sum Alkanes alg TOC 8710.61 B9B0.10| 79652.86] BC0O7.93] Y379.81 5063.52| 4801.35
LHCPI 3.04 2.1 202 244 7.82 10.15 8.76
PR/PH 0.22 0.3t 0.25 0.29 .27 0.32 0.35
Pristane 10/g TOC 748.83| 1490.15] 1436.67| 1046.04 874.34 718.83 789.75
Phytana /g TOC 341474 4843.23| 581005 361584 2201.14) 2230.70| 2286.38
Squalane /g TOC 210.00 117.00 173.00 153.00 148.C0 g3.00 88.00

662
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AMELIE II: ANHYDRITES ) -
Sample # T "omens| " 2825B| 28264 28266 28272 20278| 28268 26298 28306
Cis g/a TOC 276.15 18652 | 329.64| 66023, 1007.59|  420.90| 44742 53632 752.18]
Cl6  _ po/gTOC | 30293| 247.06| 348.03] 60458 58530 40391 150.41 70369| 68879
C17  _wgigTOC ;21410  27927| 360.78| 603.16|  744.81 34709] 280.77| 65089 77040
18 WgigTOC | 27242| _24ab4|  34150| 608.84|  463.42|  311.25 | 12018| 614.70|  480.75)
9/g TOC 147.68 142.56 17824, 267200 182.91 14914 44.47| 34297 202,65
L HgigTOC | 176.34 17545] 20270| 292.38| 185586 17575 4352, 38025 96.81
_ wg/gTOC | 15561 146.76 157.40| 23415 126.97|  149.85 30.51 31030; 6540
. kg/gTOC | 212437 ~210.33] 21347| 29785| 178.96| 23167 42.34]  406.36 54.65
g/g TOC 161.42 182.15| ~ 232.0i 348.08 147.91 225.64 37.08] 460.28 64.06
_HMg/g TOC 22096] 327.94| 371.43]  480.50 199.77|  361.28 4755  657.06 59.26
ug/g TOC 178.30 157.00)  177.46) 24463| 14249] 191.74 3370 31257 61.88
. Mglg TOC 174.46 19267 | 173.61 21154 150.31 208.40 3232] 28411 36.10
ugig TOC | 182.91 194.82 155.87 188.82]  134.47|  151.61 3859|  248.32 58.55
Hglg TOC 129.23]  179.35] 111400 135.98 126491  139.12 2094 18511 42.66
0/oTOC | 210.69|  166.61 130.51 153.36] 149.95| 13570 5110 20381 96.89
Sum Alkanes  wg/g TOC |~ 371563 3033.10| 3484.34| 523142 4544.90| 3602.00| 142902 6296.75| 3501.03
LHCPI A 140 123 221 288 338 Teg 372 2.52 7.19
PR/PH ! b 024 0.25 0.26 0.28 0.30 0.31 0.40 0.29 0.36
Pristane /g TOC 691.01 251.34| 551.99] 94092! 91611  739.28] 202.16| 94379 71647
Phytane  lugigTOC 2920.33] 1017.68] 2108.62 336&53%m_§gg§5g_ﬁwg@§§91 505.95| 320874] 1951.74
|Squalane wa/g TOC 45.00 22,00 48.00 8000} 160.00| 4500 5000 115001 ~— 8800

08¢
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BERRWILLER: MARLS

Sample # 29651 29654 29655 | 28650  2%675|  28676| 20677
Ci5 g/ TOC | 182853] 1887.97| 1829.78| 2577.00| 2490.50| 2063.31| 2039.71
cié Qig TOC | 2247.33]  2109.83| 182352| 2160.65| 4444.08| 2732.04| 348022
C17 o/g TOC | 1889.63| 1767.56| 1490.73|  16826.17| 4132.13| 4094.09| 359157
C18 9/g1OC | 173581 1701.78| 1303.80| 1570.61| 3500.36| 2757.95| 2607.27
Cig gigTOC | 1133.48| 108157 891.64| 640.92| 1195.98| 1054.81| 1089.49
C20 ug/gTOC | 114339 1159.63| 93583 636.03| 70013  68B.77|  639.45
c2i o/gTOC | 103308| 1081.34| 86717 84522  34297|  261.56]  329.50
c22 gig TOC | 1278.22| 141351 1160.58| 1172.30|  304.04| 22325  312.04
c23 Qo TOC | 1445.31| 157630 1203.00| 1089.33| 24300  200.62| 258.50
C24 lg/gTOC | 1917.181 2032.54| 66727 1390.00| 247.28| 20293  293.05
C25  lngigTOC 91099 1089.80|  891.47| 64660 22321 222.16]  250.37
C26 glg TOC 78534 94860|  792.75| 1007.54| 160.04|  180.44|  214.36
c27 9/g TOC 692.35 | 715.23| 61297| 68052  230.16]  200.70|  221.80
C28 ug/g TOC 531.25|  617.61| 511.75| 656.70| 250.00 18419  950.82
59 £a/g TOC 30307 42323| 3065|  560.01| 28080 26529 311.69
Sum Alkanes /g TOC | 16954.94 19606.60 | 16564.30 | 18961.67 | 18757.68| 150233.00| 1569795
LHCPI 2.94 2.56 251 223 1160 1212 920
PR/PH 0.27 0.3 0.34 0.33 0.32 0.47 0.37
Pristane a/gTOC | 1398.32| 2121.07| 1037.95| 2067.00| 1776.81| 2198.92| 1662.12
Phytane 9/gTOC | 5172.73| 6160.45| 5667.13] B638.34| 5530.57| 4578.20| 4536.66
Squalane gig T0C 346.00] 304.00| 251.00]  28300] 228.00!  165.00|  184.00

193¢
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Sample # T 29648 29550| Po52] 00654 | 29657| 20658 29660 26564
Cis T “luglg TOC 86027 | 1466.18| 591.48| 1091.95| 1569.35  1695.86| 467.04|  091.05
S oig TOC |~ 109427 178682 78329| 119526 1536.96| 1534.08]  269.19] 19099
Ci7 T TugigTOC 81652 148168 557.12| 965.11| 1221.34| 124937 232221  207.23
cis lua/g TOCT 74540 1391.40( — 53373| Q05.03| 1098.37| 109272  188.49| 136.74
C16 7 " lglgTOC 390.29|  907.97| 31127  559.04]  601.48|  592.67 64.00 56,14
26 ugig TOC 43016 905.36] 346.19| 6574.14| 64595, 664.02| 5078 55,08
o1~ g TOC | 37530|  804.22| 20041 512.04| 567.58|  603.44|  51.50 4510
IC22 " glgTOC 490.71|  991.58| 400.01| 64145 79845 84153 7467] 6518
€23~ lugigTOC |~ 40744 117275 36159| 68763  772.18] 82121  68.79 67.22
Cq T o/g TOC 501.97 | 1487.19| 532060  877.02| 1078.75] 1173.01 8756 86.03
C25 T T hgigTOC | 88857| 71697 299.41!  455.06|  708.44] 74022 62.84 71.96
[ kig/a TOC 38321 | 1774 36111 40917 505,06 | 792.66| 6438 66,19
c2r gig TOC 353.84] 550.08|  308.83| 30499 513.33| 52914 67.23 69.13
7 glg TOC 29268  44957|  32459] 26575|  570.11]  534.92 49,95 52,00
€29 alg TOC 355.77| 330.54| "200.97| _ 201.14| 367.15, _ 374.94 58.60 79.58
[Sum Alkanés  ugig TOC | 7884.40| 15005.04 | 622908 | ©644.63| 12851.60| 1323367 | 1866.23] 1541.74
'LCHCPT 196] 28> 1.66 315 201 2031 276 199
PRPH 0.28 0.27 0.33 0.3 0.35 0.35 0.46 0.45
[Pristane~ Wwg/gTOC | 106148  1196.07| _389.98| 1090.58| 1795.37! 2009.61|  28563|  157.50
Phytane 9/aTOC | 3734.45| 4146.38| 1206.23| 3032.04| 5063.47| 6020.86|  618.24|  348.69
{Squalane 979 TOC 90.00] ~ 270.00]  4%.00] _ 115.00| ~ 157.00] 162.00]| ~ 44.00| 4000
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‘Sampie # . TTTzesse 1 28280 ~ 28201|  26299| ~ sedis 28319]  omdRq
| 2-MN __ Hg/gTOC | 93.07 84,98 39.45 56.37 7018 6269 109.58
A-MN - hglgTOC 100.63 90.57 4280 59.02 63.30 5646 100.13
2 EN  WM9lgTOC | a5 1856} | 854/ 1481 " o84 A3982]  1671]
L1I-EN T Lg/g TOC 18727 2125 11.57 16.63 8.21 954 1475
1DMN__ uglg TOC 36.87 | 4232  31.77| " 4538] 3403 3317 57.46
LZOMN _  lgigTOC | 6iep €616 47167 "~ 6348|" g0 4578 7223
SDMN Ha/g TOC 3726, 3694| T 2616|3677 . 2598 29.74 45.42
4DMN . _H9/QTOC | 7494 1555 10751 1641] 108 1303 | 1863
| SDMN 1a/g TOC S1.22| 27.14| T 1848]  p4pa] T i34l 18.71 30.66
ATMN —HQTOC | 2337 T irgp| T 1737] 2857 T 957 17.53 19.26
eTMN  wglgTOC | 43191 82571 "2653| a409] 17.57] 2853|3442
SIMN. _ ka/gTOC | 338g .2387]  22891 3399|1756 2383 3252
AAMN T ug/gTOC | 2089] 1515 15,39 2301} 1013] " T1850{  $0.86
STMN _ — pg/g TOC 5003| 31757 2718 4383] _ 2362 3045 40.84
S AMILLER:MARLS T T
Sample # ~ _M___# 29651  29654] 29555] 205g[ __29%75] 2976 20677
(2-MN_ T ugig TOC 165.88] 24175 " 157.99|  144.56 13910 " 150.09| "139.73
| 1-MN — {9 TOC | 18802 " 7717|7509 . 167.63]  140.65| 153.36) 135.68
2-EN T T Mg/g TOC T~ 6389 2887| 41.65]  "6538| " "3372] " 361s 40.24
[ I-EN . ugigTOG 61.3¢| 7595 " 5245 | 27881 3278] © 3327] T 2848
IDMN " igig TOC [~ 107.49 129511 91437 " 104.11] " 68.80 7253 64.97
| 2DMN T —HYTOC | 180061 " 192.00|  138.67| 165.99 | " 113235 1i6,13] T04.74]
SOMN. walgTOC | 10047 _116.09] 8823 98.77| _6656] ~7038|  67.76
[ 4DMN_ " “lug/g TOC 2751 4531 " 36931 4415 apaq 32.27 26.70
S5DMN ] Lg/g TOC | 239, 75711  TBBA7|  6320] 48.38 47.34 4356
LITMN. " ligig TOC SL02| 427l 3647]  57.02|  Hoee AL 30.28
(2TMN T —H9/QTOC |° 6691|7310 57.01| 6066 5013 49.18] 48.01
[STMN "~ " lg/g TOC | 8927| 4034 34837 4480 | 4770|5387 55.85
| ATMN " Tligig TOC 2408  2468] 2174|2864 2698 27281 3314
5TMN iua/g TOC 5425]  5207] 40.89 48.55| 60.19]  “eB 07| 70.87
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Sample #

28255]

28258

28264 26266 28272 28278 28288 28298 26306
2- MN g/g TOC 32.02 2620| 3205 64.50 2514 §4.22 36,14 84.64 55.62
T-MN g/g TOC dz.19 27.37 32.03 63.66 2469 68.08 32.08 87.41 54.00
2-EN lugig TOC 707 Fa3 6.48 1013 5.24 13.04 9.40 15.98 1312
1-EN 9/g TOC 6.61 7.72 8.03 14.19 5.38 16.04 7.10 33.32 10.27
1DMN kg/g TOC 14.54 13.05 16.20 30,47 12.56 32.16 16.79 41.48 27.38
2DMN g/y TOC 20.03 19.73 25.34 42.62 17.60 48,78 23.20 63.90 39.79
| "3DMN kigig TOC 10.55 11.47 13.84 23.35 9,48 24,41 1284 36.04 22,46
4DMN 1o/g TOC 4.45 4.83 5.54 9.22 370 10.94 5.52 13.83 9.53
5DMN uwaig TOC 10.82 10.05 10.75 17.96 7.89 17.28 14.18 25,57 18.56
ITMN 9/g TOC 7A7 7.81 9.37 14.93 5.80 16.70 8.47 28,52 1416
2TMN ligig TOC 4.11 4.44 5.00 7.40 3.60 10.99 5.05 13.65 7.59
3TMN ligig TOG 592 515 6.61 11.06 4.82 12,58 6.81 1872 12.51
4TMN alg TOC 3.65 3.51 415 7.03 3.36 7.83 423 1122 7.41
STMN  lg/g TOC 699] 832 8.07 12.76 5.73 15.01 8,64 24.31 15.03
BERRWILLER: ANHYDRITES
Sampie # o 29648 28650 | 29652 29654 28657 29658 29560 29664 29672
2-MN 0ig TOC 356.76] 16242 280.23 215,55 130.19 145,84 457.95 298,12 528.09
t~MN ugig TOC 369.11 174,11 2682.66 189.50 134.23 167.86 457.23 376.16 50%.91
2_EN Liglg TOC 76.08 72,14 68.56 63.71 34.42 47.82 78.75 50,05 136,93
1-EN lig/g TOC 8582|  80.49 78.67 79.94 40.24 50.16 78.93 44,01 103.56
iDMN glg TOC 163.71 98.93 141.61 107.57 a1z 108.03 133.56 79,93 20155
2DMN gig To¢ 266.56 14218 278.28 161.23 129,60 152,47 200.81 122.64 397,34
3DMN lig/ig TOC 143.08 87.09 145.22 86.54 79.91 88.82 163,62 61.32 180.63
4DMN 1g/g TOC 61.75 35.08 61.03 39.81 33.85 37.70 47,61 30.39 79.64
SDMN L1g/g TOC 106.27 57.02 11119 67.27 56.05 58.08 91.14 62.45 199.80
| 1TMN g/lg TOC 84.89 5711 77.28 59.44 44.20 49.99 20.74 18.81 B86.15
2TMN 10/ TOC 60.82 31.34 50.34 34.04 30.95 36.16 28,53 8.97 53.29
3TMN lglg TOC 66.70 34,37 46.96 36.82 | 32.13 39.33 3023 21.86 65.21
4TMN gig TOC 4313 28,74 30.29 26.09 21.54 25,69 19.60 15.49 39.37
5TMN 9/g TOC 76.49 47.69 5831 53.62 36.33 47.73 38.94 23.65 79.09

¥9¢
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Sample # 28280 128283 268209 128318 28319 20846 100554 28655 [P0575 129876
PH ug/a TOC|  15.86] 17.58| 2712 0.23| 21.85{ 33537 3085| 21.¢85; 2080 2215
3-MiPH a/g T0C 8.11 6.62 0.83 3.20 B.25] 1428; 13.8¢ 9741 1021 8.93
2-MPH g/0 T0C 6.71 694 1142 3.80] 1075 14897 1369 949! 1083] 10.03
9-MPH g/ 7OC| 10.04| 1050] 1349 658 11.35] 2035; 2067| 14.10; 1541] 1525
i-MPH  unfg TOC 777 8481 1093 £.14 8.83] 17411 1718] 11.77| 1252 1244
1DMPH ug/g TOC 4.56 5.32 7.45 1.78 3.87 808 1038 8.82 7.35 5.56
2DMPH a/g TOC 2.34 3.01 4.22 0.84 2.30 4.20 5.08 5.32 3.683 3.53
3DMPH 9/ TOC 9.08 8.601 1424 £.51 10.03| 19213]) 1947 1287 1501 1461
4DMPH 0/g TOC 3.75 5.48 V.80 2.84 8.28| 10.88| 1092 1213 6.83 8.45
SDMPH alg TOC 529 5.60 7.7 4.01 576 10.88| 10.50 8.16 7.24 g2
sDMPH ofg TOC 1.63 1.74 271 1.056 1.96 3.87 3.60 597 2.82 342
7DMPH alg TOC 3.60 522 8.58 5.14 3.76 9.70| 1223 9.76 8.65 9.85

ez




266

| Sample # DBT A-MDBT 2+3-MDBTI—MDBT
| [ugig TOC [pg/g TOC |ug/g TOC iuaig TOG
(AMELIE L MARLS

-t }

‘ 28283 26.46 | 14.81 | 13.48] 2587
. 28280 2652 1368 t1.54] 2553
| 28299 25189 | 16.38 13.87 2547 |
28319 14.87 | 14.68 10.30 12.71 |
28318 12,151 8.08] 5.72] 8.85 |
BERRWILLER: MARLS i
20646 34.14 | 1813 20,65 30.76
20654 37.34 28.71 | 28.20 43.06
29675 39.44 2892 3035 42.20
29676 24.41 | 17.75 1 14.58 | 28.01 |

Table 18: Dibenzothiophene content of selected marl
samples from Amelie II and Berrwiller.
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from

Sample # FExtract Aliphatic Aromatic NSO- Asphalienss
i Yield Hydrocarbons Hydrocarbons Compounds
: {mg/gTOC) | (mg/g TOC) | (mg/g TOC) | (mg/g TOC) | {mg/g TOC)
282591 152.98 20.29 2,97 78.41 5131
| 282523 130.93 16.26 1.39 47.56 65.71
28253 110.63 20.54 1.47 4470 43.93
282501 128.95 13.19 1.40 30.17 84.18
28282 106.46 17.00 3.06 26.05 £0.35
| 28257 117.73 29,52 3.09 25.72 50.40
] 28268 99.87 34.28 5.55 39.76 20.28
28276 185.47 4268 8.43 70.24 64.14
28280 128.64 13.10 2.85 5025 20.44
; 28283 157.79 28.45 3.84 63.03 62.67
: 28286 147.13 34.69 3.74 §2.72 45.88
2828¢ 266.74 ! 21.87 4.71 43.62 1956.54
! 28201 160.26 23.64 2.80 38.61 95.51
| 28229 249.69 24.08 5.72 40.85 179,23
| 28314 106.17 2546 2.62 60.76 17.03
| 28318 95.36 29.73 4.34 45,37 15.92
i 28319 120.31 32.93 3.71 66.17 17.49
: 28321 25.84 2525 3.15 54.25 14.20
: 28333 112.89 32.41 2.99 60.57 17.01
29530 172.35 24.94 3.52 60.35 83.54
: 29531 184.40 9.45 0.83 34.34 138.78
: 29534 103.59 11.76 1.04 34.63 56.17
U TTe8537 126.29 857 423 31.24 81.25
‘ 29540 193.41 18.88 3.57 59.68 111.49
| 20847 192,28 15.58 4.48 51.83 120.29
; 29552 107.95 20.51 5.08 54.07 28.30
| 295591 180.48 17.44 22.38 131,51 ] 8.15
. 99588 175.75 29.89 3.24 112.22 30.40
29559 161.05 25.92 2.31 105.01 2781
29572 252.87 10.52 | 1.84 1 35.02 204.49
29574 115,81 | 2074 1.81 68.80 22,48
28577 12477 21751 177 7713 2413
28638 | 192.55 3262 6.32 48.05 105.55
20646 | 223.06 11.64 ! 7.60 22,09 181.72
29551 ! 24422 2487 ! 7.73 26.38 185.25
20854 | 27014 21.85 4.63 23.11 220.41
29555 | 223.41 21.33 2.70 20.99 178.38
28659 | 246.92 30.32 13.82 35.02 167.76
29651 | 197.01 33.60 13.39 4470 105.32
239665 | 160.04 61.08 18.00 54.88 25.089
20668 ¢ 238.890 27.32 8.40 37.34 164.84
28670 ¢ 188.47 21.44 5.88 43.38 116.86
29675 236.35: 46.08 | 3.58 856.30 100.40
29676 ¢ 372.08 : 31.64 | 8.93 59.52 i 271.89
29677 174.68 52.69 9.67 71.39 | 4092
Extract composition cof marl samples

Table 19:

. ‘Amelie II, Ungersheim and Berrwiller.
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and

Sample # Exiract Aliphatic Aromatic NSO-— Asphaltenes
Wield Hydrocarbons  Hydrocarbons  Compounds
mg/g TCC)  img/g T0G)  imgig 10C) __ kmg/g TOC) _ [mg/g TOC)

28255 12228 23.52 414 6.03 85.61
28258 86.10 9.72 6.88 5.85 63.83
28254 118.81 16.87 382 8.85 89.57
26285 162.87 25.32 6.14 897 122.44
28272 104.44 17.32 5.53 7.34 74.22
28275 161.11 2177 328 18.08 120.00
28278 86.52 1210 3.3 S ES 71.42
28281 160.78 21.08 6.03 10.10 123.58
25258 7352 611 810 458 58.73
28258 17225 21.42 572 1691 iZ8.21
28308 157.18 17.66 2.6t 13.72 12319
28313 181.86 25.78 3.75 2132 $30.01
28317 251.83 47.55 9.68 11.78 182.85
28320 154.72 28.89 355 13.91 108.56
28325 123.16 18.11 4.61 10.16 $2.28
20532 157.50 13.37 5.55 1472 $23.85
29333 203.62 27.78 4.57 24.20 146.77
20538 183.72 28.41 7.74 16.19 111.38
28538 115.88 8.61 4.28 10.97 £0.23
28539 163.99 23.88 7.75 17.65 114.58
28540 148.23 20.28 7.76 13.82 104,98
285421 181.04 10.17 8482 1308 148.0§
26542-2 176.88 15.35 6.32 2345 127.56
29545 92,89 15.83 4.50 g.18 54.38
29547 209.60 27.65 7.05 31.45 143.45
29558 106.59 8.01 6.13 12.75 78.64
29573 375.22 2271 11.35 22.78 31840
28575 288.64 33.91 9.68 12.20 232.84
29639 143,23 42.80 17.87 569 76.77
28645 14283 50.83 21.71 5.78 64.53
20848 143.46 41.03 2223 7.44 72.78
29850 169.72 28.67 13.44 2.11 118.50
20852 83.40 20.24 16.84 345 42,87
25654 116.78 3345 23.58 510 49.64
28858 48.67 8.52 11.14 2.84 2417
20657 146.85 50.31 2574 7.65 63.15
20558 151.83 47.03 22.28 11.78 70.84
29880 4527 15.88 16.11 2.74 16.53
29864 54.92 4.83 7.15 3.8 38.12

| 29872 70.00 14.83 10.18 5.43 39.51

Table 20: Extract composition of anhydrite and halite
samples from Ungersheim

Berrwiller.

Amelie II,
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