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Abstract. Lower Cretaceous sediments are frequently
characterized by a well expressed cyclicity. While the
processes influencing environments above the carbonate
compensation depth (CCD) are reasonably well under-
stood, almost nothing is known about the deep ocean.
Cretaceous sub-CCD sediments from the Tethys and
Atlantic Oceans typically show rhythmic black/green
shale successions. To gain insight into the nature of
these black/green shale cycles, we performed detailed
geochemical analyses (X-ray fluorescence, Rock-Eval
and reactive iron analysis) on a 3 m long section of latest
Aptian age. The major-element distribution of the ana-
lyzed shale sequence indicates a periodic change from
a high-productivity and well-oxygenated green shale
mode to a low-productivity oxygen-deficient black shale
mode. It is proposed here that the preservation of or-
ganic matter was dependent on the strength of salinity-
driven deepwater generation. Furthermore, the data
show that the Co.e content covaries with changes in
the detrital composition. Therefore we hypothesize that
Tethyan deepwater circulation was sensitive to changes
in the monsoonal system. Time series analysis suggests
that these changes are periodic in nature, although we
are currently unable to prove that the dominant peri-
odicity is related to the precession component of the
Milankovitch frequencies.

1. Introduction

Starting with the seminal paper of [Ryan and Citd
[I977], geologists in the late 1970s began to recog-
nize the widespread distribution and economic signif-
icance of Cretaceous black shales, which were discov-
ered in all major ocean basins spanning most marine
depositional environments. In order to explain these
black shale occurrences, different models have been pro-
posed. [Schlanger and Jenkynd [1976] suggested ocean-
wide anoxia. [Degens and_Stoffers [1976] used the East

African rift lakes as an analogy. [Weissert et al] [1978]
and [Arthur and Premoli Silvd [1982] concluded that the
cyclic black shales of the Southern Alps and central Italy
were caused by periodic overturn in deep anoxic basins.
Dean_et_all [1978], Jansa et all [1979] and [Dean and
Gardner [1982] argued that cyclic black shale sedimen-
tation was caused by turbidity currents, whereas [Habib
[1982] attributed black shale layers to times of massive
input of terrestrial organic matter. Later studies chal-
lenged the role of anoxia in black shale formation be-
cause it became apparent that anaerobic decomposition
of organic matter (OM) can be as fast as aerobic de-
composition [Kristensen and Blackburnl, 1987; [Canfield,
19890]. Furthermore, it appeared that the distribution
of Quaternary organic-rich facies may be unrelated to
the presence of anoxic bottom water conditions but is
instead controlled by the amount of primary production
[Pedersen and Calverd, 1990]. Newer studies emphasize
that the deposition of black shales depends on many
factors, like primary production, oxygenation level of
the water column, overall sedimentation rate, distance
from the coast, and water depth, all of them influenc-
ing burial rate of OM [Berner|, 1978; [Canfield, 1989D;
Calvert_and Pedersenl, 1992; [Canfield, 1994; [Keil et all,
1994; [Calvert et all, 1996].

Most of the described Early Cretaceous black shales
accumulated in the Atlantic and Tethys Oceans, which
at that time was a small appendix to the world ocean
(Figure[ll). The Tethyan Early Cretaceous sediments are
generally characterized by a well expressed cyclicity. De-
pending on the depositional environment, these cycles
are either expressed as carbonate/marl, marl/shale or
black/green shale alternations. De Boer [1982], [de Boett
and Wonderd [1984] and [Fischer et all [1991] showed
that the pelagic carbonate/marl rhythms correspond
to the precession component, while [Park_and Herbert
[I987] were able to demonstrate that marl/black marl
cycles correspond to the obliquity and eccentricity com-
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in South Germany (Fig. B).
This Early Cretaceous to early Eocene supergroup
consists of turbidite-dominated formations, recording

more than 70 m.y. of deep-sea sedimentation [Hessé,
1974, 1987]. The middle Barremian to Albian Rehbrein-

Figure 1. Ocean basin boundaries of the Early Aptian
using the 2000 m isobath. When viewed using an equal
area projection (Hammer), it becomes readily apparent
that the Atlantic and Tethys Oceans are only a small
appendix to the proto Pacific, covering only one twelfth
of the global ocean area. Even if we include the eastern
Tethys between Australia and Asia, the ratio is still less
than one sixth. The map was generated by the Ocean
Drilling Stratigraphic Network Plate Tectonic Recon-
struction Service (http://www.odsn.de/odsn/services/-
paleomap/paleomap.html) using the data of
(19997,

ponents of the Milankovitch frequencies. It has been
suggested that the black/green shale couples probably
spanned periods from 20 to 50 kyr in the Milankovitch
range of periodicities [e.g., [Dean et all, [978; [Arthur and
[Premoli Silvd, T987], but it has never been possible to
relate directly the occurrence of rhythmic black/green
shales to Milankovitch cycles. Therefore, the objectives
of this study were threefold: (1) to determine the na-
ture and possible cause of the cyclic black/green color
changes by means of geochemical analysis, (2) to test by
means of frequency analysis whether these rhythms are
related to Milankovitch forcing or not, and (3) To derive
a reasonable explanation for the interaction between ex-
ternal forcing factors and deep-sea sedimentation below
the calcite compensation depth (CCD).

1.1. Geologic Setting

While the record of cyclic sedimentation above the
CCD has gained wide attraction, almost nothing is
known about the deep Cretaceous Tethys and Atlantic.
Unfortunately, the Ocean Drilling Program/Deep Sea
Drilling Project (ODP/DSDP) data and cores from the
sub-CCD parts of the Cretaceous Atlantic Ocean are
sparse. Similarly, almost all preserved Tethyan sedi-
ments have been deposited on continental crust and thus
yield no record of the deep ocean. We therefore searched
for a location that has a complete sub-CCD record from
the Aptian/Albian, is reasonably well defined in terms
of biostratigraphy, and is well enough preserved to allow
for geochemical investigations. To our knowledge, only a
few such locations exist. One of them is the Rhenodanu-
bian Supergroup, north of the Northern Calcareous Alps

graben Formation (also known as “Flysch-Gault”), con-
stitutes a 200 m thick succession. The middle Barremian
to the base of the Aptian and the complete Albian are
dominated by pelagic clays, while the Aptian shows a
characteristic tripartitioning: a sandstone member in
the Early Aptian, pelagic shales in the Middle Aptian,
and a second sandstone member in the Late Aptian. The
pelagic shales of the entire section are characterized by
a striking black/green shale rhythmicity, the individual
color intervals ranging from 5 to 50 cm in thickness. The
sedimentology, visual appearance, and geochemistry are
similar to shale sequences in cores from the Cape Verde
basin along the continental margin of northwest Africa

[see, .e.g., [Dean et all, [978; [Brumsach, 1980].

As a result of the paleodepth below the CCD
[1975] and the corresponding paucity of fossils, dating
is a problem. The base of the Rehbreingraben Forma-
tion was dated by means of paleomagnetostratigraphy
as middle Barremian (top of magnetochron M3) [Hauck,
1998], while the sampled interval could be dated as
latest Aptian on the basis of §13Co,, isotope stratig-
raphy (to be published elsewhere). The upper bound-
ary of the Rehbreingraben Formation (225 m above the
middle Barremian) is dated by the occurrence of Cal-
culites anfractus as terminal Albian/Early Cenomanian

age (CCY9a of) [Sissingh], 1978]. Using the timescale of
[Gradstein et al) [T995], we estimate 225 m of accumula-
tion within 24 m.y., resulting in an average sedimenta-
tion rate of 9.4 mm kyr—!. Since the amount of sediment
eroded by turbidity currents is unknown, this is a min-
imum estimate.

The paleogeographic position of the Rhenodanubian
Supergroup is still a matter of debate, but paleomag-
netic, geologic, and faunal evidence [Hauch, T998; [Wort]
imani], [996] suggests a position east of Spain and west
of the Apulian plate [Wortmann, 1996]. The paleoenvi-
ronment was described by [Hessd [1974] and [Hesse and
But{ [1976] as a trench abyssal plain below the CCD.
The paleotectonic setting can be best described in terms
of a transform system [Hsd, 1972; [Hessd, 1982; [Wort]
fman], 1996]. The paleoposition of this section was ei-
ther close to or within the oceanic gateway between the
Atlantic and Tethys Ocean, which makes it an ideal site
to investigate questions of Cretaceous deepwater circu-
lation and paleoclimate.

1.2. Methods

For geochemical analysis we took 104 samples from
a 3 m outcrop interval in Breitenbach Creek near “Bad
Wiessee” (Figure B)). This site contains only the late Ap-
tian to early Albian record but was preferred over the
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Figure 2. Simplified geological map showing the outcrop area of the Rhenodanubian Supergroup in the Bavarian
part of the East Alps (South Germany; modified after [Vetlers [1923]). The sample location of the Breitenbach
Creek near Bad Wiessee is indicated by the arrow below the Starnberger See. Details concerning how to access

the section are given by [Wortmann [1996].

type section (Rehbrein Creek) because of better outcrop
conditions. Applying the estimated sedimentation rate
of 9.4 mm kyr—!, the sampled section covered ~320 kyr
with a resolution of 1.1-4.3 kyr per sample, depending
on sample thickness (1-4 cm). The implicit assumption
of a linear accumulation rate is backed by the observa-
tion that the mean thickness of the black shales (mea-
sured over the whole Aptian Albian section) is similar
to the mean thickness of the green shales.

The strategy in selecting analytical methods was that
they should be sufficiently fast and cost effective to al-
low for continuous high-resolution sampling and provide
information about biogenic processes in the water col-
umn, detrital input, and the redox state of the water
and the sediment. We thus selected a suite of primarily
major elements that can easily be determined by X-ray
fluorescence analysis (XRF) and have been successfully
used to deduce changes in biogenic productivity and de-
trital input previously [e.g., [Calvert et all, [996].

Total sulfur (TS) and total carbon (TC) were deter-
mined by means of a Leco device. Total organic car-
bon (TOC) was determined by Leco measurements of
decarbonated samples (12 hours with 12 N HCI). The
inorganic carbon (IC) content was calculated as

IC(wt %) = TC(wt %) — TOC(wt %)

Carbonate content was calculated as
CaCO3 =1IC x 8.333. Reactive iron (Fey) is used
here in the sense of [Leventhal and Taylon [1990] who
define Fe, to comprise non-silicate-bound iron, amor-
phous iron oxides or oxyhydroxides, FeS and also some
crystalline iron oxides. As per standard conventions,

we assume that Fe, equals the HCl-extractable iron
content of the sediment [Berner|, 1970; [Raiswell et all,
1988; [Leventhal and Taylorl, 1990]. Thus Fe, was deter-
mined by leaching the samples in 1 N HCI for 12 hours
and analyzing the leachate using atomic absorption
spectrometry (AAS). Pyrite-bound iron was calculated
from TS as Fep, = TS x 0.871 assuming that all sulfur
is bound to pyrite. The “degree of pyritization” (DOP)
[Raiswell et all, T988] was calculated as

Fepy

DOP = —"—
Fepy + Fey

Optical assessment of the OM was performed on pol-
ished sections as well as on OM concentrates. The OM
concentrates were first decarbonated with HC1 (30%). In
a second step, minerals were removed using HF (40%).
Finely dispersed OM was then removed with a 14 pym
sieve. For chemical assessment of the OM we used Rock-
Eval pyrolysis [Espitalié et all, 19854, B]. This technique
yields four parameters: S1, hydrocarbons (HC) already
present in the rock that are volatilized by heating to
200°C; S2, HC and related compounds generated at
higher temperatures by pyrolysis of insoluble kerogen;
S3, carbon dioxide and water; and Tp,.x, the pyroly-
sis temperature at which the maximum release of HC
has occurred. From these numbers the hydrogen index
(HI), which can be used to classify the source of the
OM, is calculated as HI = S2/TOC. The production in-
dex, which is used to characterize the maturity of the
OM, is calculated as S1/(S1 + S2).

Quartz content and clay mineralogical composition
were analyzed by X-ray powder diffraction. Kaolinite
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Figure 3. Measured concentrations of carbonate, S, Al (wt %), and Si/Al, P/Al, and Ba/Al (wt %/wt %) plotted
against total organic carbon (wt %) and lithology. (left) shale colors as observed in field: black and shaded areas
indicate black or grey shales, respectively, the crosshatched pattern indicates green shales. Each curve is superposed
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was differentiated from chlorite by means of dimethyl
sulfoxide (DMSO) treatment following procedures by
Calverd [1984]. All results refer to the bulk composi-
tion of the sample and are expressed in weight percent
or as elemental weight ratios. Assuming that aluminium
is of detrital origin, all results are normalized to Al to
compensate for changes in the ratio of the biogenic ver-
sus detrital flux [see, e.g., [Calvert and Pederser], 1993].
Recent work showed that Al can also be influenced by
the biogenic flux [Murray et al], [993]. However, this
work was done in an equatorial upwelling area with high
primary production rates. Unlike the data presented
by [Murray et al] [1993], our data show no correlation
between the Al and organic carbon (Coyg) content of
the sediment. Even more important, the Al distribution
shows only a minor overall variation, and does not co-
vary with the Ti and Zr nor with the Ba and Si data
(Figure B).

The possible influence of weathering was determined
by sampling an individual black shale layer from the
fresh rock into the weathering zone of the outcrop
and incorporating the results into the error estimates.
Though all collected samples are considered to be un-
weathered, we used these maximum error estimates
since local weathering along microscopic joints could
not be excluded. For all data presented the systematic
and statistical errors, including error propagation, have
been calculated at a significance level of 95% (Table [l)).
An absence of error bars in the plots indicates that the
errors are less than the dimensions of the plot symbol
used.

Time series analysis was carried out using the geo-
chemical results from the 104 analyzed samples. Since
we were unable to recover samples of identical thickness,
we used the Lomb-Scargle transformation, which is de-
signed to handle unevenly spaced data [Scargld, [992].
Although our graphs show the power distribution be-
ginning with a period length of 2 cm, the reader should
keep in mind that with a maximum sample thickness of
up to 4 cm, no reliable information can be gained below
a period length of 8 cm.

2. Results

Compared to the green shales, the black shales show
characteristically lower ratios for Si/Al, Ba/Al, Na/Al
and K/Al, as well as characteristically greater values
for nearly all other elemental ratios (see Figure B-f, the
numerical values are given in [Wortmann [1999]). Fur-
thermore, the black shales are laminated while the green
shales are affected by bioturbation. Calculation of the
DOP of the black shales yields values from 0.63 to 0.91,
indicating conversion of nearly all reactive iron to pyrite
and deposition under reducing conditions [Razswell and
Berner|, 1987, 1986]. From a ternary plot with the poles
of Fe, plus Fepy (i.e., total reactive iron), Corg, and TS

529

we can draw important conclusions about pyrite forma-
tion [[Dean_and Arthur, [989). If samples plot along a
line of constant TS/Co,g ratio, carbon was the limit-
ing factor. If no systematic relation is observable, sulfur
limitation is likely. If samples plot along a line of con-
stant TS /total Fe, ratio, as in the present study, pyrite
formation was iron-limited (Figure ). Since Fep, was
calculated under the assumption that Spy equals TS,
TS and total reactive iron are not independent. How-
ever, assuming additional sulfur phases would reduce
the amount of total reactive iron even more.

Optical assessment of the OM on polished black shale
samples shows a fluorescent matrix of marine OM with
dark laminations formed by mineral layers. The kerogen
concentrates show only minor amounts of kerogen flakes,
while structured components and dark inertinite par-
ticles dominate. The structured kerogen is dominated
by algae, while pollen and spores are sparse. Optical
determination of vitrinite reflectance yields values of
R, between 0.65 and 0.89 (Agse, = £0.003), indicating
the upper limit of an immature source rock [[T%ssot and
Weltd, [984]. This is in good agreement with the Tyax
parameter (431-438°C) of the Rock-Eval analysis and
the production index (0.09) [Teichmiller and Durand,
1983].

Using S2 to calculate HI yields values up to 140, sug-
gesting terrestrial and/or degraded marine OM [[Tyson,
1987]. However, indirect determination of the HI us-
ing the method of [Langford and Blanc-Valleron] [1990]
yields a value of 250 (Figure [). Calculating the ma-
trix effect following [Langford and Blanc-Valleron| [1990]
shows that up to 5.4 mg HC per gram sample mass
may have been adsorbed by the rock matrix and have
not been detected by S2, explaining the large difference
in the measured and calculated HI values.

Examination of smearslides shows that the carbon-
ate found within the black shales consists mainly of de-
trital calcite, a small amount of rhomboidal dolomite
(<10 pm) and some coccoliths. The clay mineralogy is
dominated by chlorite, kaolinite, illite, illite/smectite,
and other mixed layer minerals. Major differences in
the clay-mineral composition between the green and the
black shales could not be detected. However, the com-
bined chlorite/kaolinite peak is stronger in the black
shale samples than in the green shale samples — a rela-
tionship that is commonly observed in the Early Creta-
ceous [e.g., [Chamley and Roberi, 1982, Figure 2].

2.1. Interpretation of the Analytical Results

The most visible differences between the black and
the green shales are the content of OM and color. While
the greenish color points to reduced iron, the black color
may be caused by finely dispersed pyrite [McCave, 1979]
or oxidized OM [Habil|, [982]. The bioturbation of the
green shales indicates oxygenated bottom water, while
the lamination of the black shales proves the absence of
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Figure 4. Elemental Fe/Al, Ti/Al, Zr/Al, Na/Al, K/Al, and Mg/Al ratios plotted against total organic carbon
and lithology. Errors are only given if the size of the error bar would exceed the size of the symbol indicating the
sampling point. For further explanations see caption of Figure B.
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Table 1. Compilation of the Random Errors of the Used Analytical Techniques.

Element Unit Detection Arithmetic Standard Absolute Relative Total Error After
Limit Mean Deviation Error Error % Normalizing With Al
T s2 +A +0 Relative Absolute
Corg wt % — 1.5 1.6 0.09 1.5 2.3 0.01
CaCOg3 wt % — 4 0.49 0.3 2.7 8.6 0.04
S wt % - 0.18 0.7 0.25 3.16 8.2 0.03
Si wt % 0.02 29 2.74 0.09 0.3 1 0.03
Ti wt % 0.01 0.44 0.03 0.003 0.74 0.8 0.0005
Al wt % 0.03 8.2 0.04 0.066 0.8 — —
Fe wt % 0.01 3.7 0.55 0.13 3.5 4.5 0.015
Mn wt % 8 1344 3468 32.58 2.9 7.4 4.05
Mg wt % 0.01 1.25 0.1 0.01 1.15 1.65 0.001
Zr ppm 2 120 8.3 1.17 1 1.8 0.28
Na wt % 0.01 0.32 0.06 0.003 1 1.3 0.0004
K wt % 0.01 2.3 0.2 0.03 1.4 1.5 0.003
P wt % 0.0013 0.033 0.0055 0.0008 2.04 3.04 0.0001
Ba ppm 40 380 48 10 2.7 4 1.6
Sr ppm 2 115 15.35 1.1 0.94 1.4 0.17

All errors are given at a significance level of 95%. Arithmetic mean and standard deviation are calculated over all
samples. Errors are calculated from repeated preparation and measurement of the same sample.
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Figure 5. Elemental Ca/Al, Sr/Al and Mn/Al ratios plotted against TOC and lithology. For explanations see
captions of Figs. B and [@.
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Figure 8. Chemical profiles above a thin turbidite outside the interval used for this study. The inorganic and
organic composition of the lower 20 cm of the shale above the turbidite are different from the pelagic background
sedimentation. Since turbidite-influenced shales possess such a clear geochemical signature, we can exclude turbidity
current interference for the interval used for this study. We also calculated the HI following the method of [Langford
and Blanc-Valleron [1990], which yields an HI of 128. This suggests that (1) the HI decrease toward the turbidite
might be caused by matrix effects (see also Figure []) and (2) that HI values resulting from redeposition of organic
matter are clearly different from the HI values of the background sedimentation. All ratios are given as weight

percent ratios.

Fep, + Fe,

Line of const. S/Fe ratio (1.15)

C Line of const. S/C,q ratio (0.4)

org
Figure 6. If samples plot along a line of constant
S/Conrg ratio, sulfate was a limiting factor in pyrite for-
mation. If samples plot a long a line of constant S/Fe ra-
tio, pyrite formation was iron-limited. If no systematic
relation is observable, sulfur limitation is likely [Deari
and Arthur, 1989]. The S/Fe ratio of 1.15 has been cho-
sen because it is the stoichiometric ratio of S and Fe in
FQSQ.

endobenthic life and suggests anoxic conditions. Almost
all elemental ratios show either an increase or decrease
in elemental ratios when comparing a black with a green
layer. It is tempting to attribute this coherent response
to transport processes like redeposition of upslope ma-
terial. However, no sedimentological indication of rede-

S2=-5.44 +2.5C,, N =22

org
correlation coefficient = 0.94

6 type-I
kerogen
4 J value of the type-ll
1 x-axis intercept = kerogen
2 J least expectable type-lil
o ] matrix effect kerogen
[%]
T T 1
3 4 5 Cyq [Wt %]
absolute value of the
y-axis intercept =
maximal possible matrix effect

Figure 7. Evaluation of hydrogen index (HI) values
in the black shale samples after [Langford and Blanc:
Valleror] [I990]. HI is calculated from the slope of
the regression line defined by the S2 versus Co.s as
HI = 100 x slope = 250. The minimal matrix effect (i.e.,
HC adsorbed by the rock matrix and not contained in
S2) corresponds to the value of the x axis intercept (=
2.2) in mg HC gr~! sample mass, and the maximal ma-
trix effect to the absolute value of the y axis intercept
(= 5.4) in mg HC gr—! sample mass.

position (e.g., grain-size variations, bedding structures,
etc.) has been found. To investigate the possibility of
turbiditic interference, we analyzed a 50 cm long section
above a thin (15 cm) turbidite. This section occurs 1 m
above of the interval chosen for the present study. While
the pelagic clays are characterized by almost constant
Al values around 8.2 wt % with a standard deviation of
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0.42, the clays above the turbidite show a significantly
reduced Al content as low as 5.5 wt % (Figure B). It is
also apparent that the OM above the turbidite is signif-
icantly different from the OM raining down as pelagic
background sedimentation. This demonstrates that al-
though the top of the turbidite is indistinguishable from
the pelagic background sedimentation by field methods,
the turbidite still carries an ultrafine fraction that is
able to deter the geochemical signal. However, this sig-
nal is geochemically well expressed. Thus we can reject
the hypothesis that the investigated black/green shale
cycles are caused by redeposition processes.

The Mn data of this study provide an unexpected
picture: The green shales contain only minor amounts
of Mn, while the black shales show values similar to the
“average shale” [Wedepohl, [971]. This suggests that the
Mn content of black shales was controlled by the alu-
minosilicate fraction and implies that the black shales
were deposited below an anoxic water column [[Calveri
and Pederser], [993].

The green shales constituted most likely a suboxic en-
vironment from which Mn was lost by “zone refining” [cf.
Froehlich et _all, 1979]. This notion is supported by the
extremely high Mn values that can be observed at the
base of some black shales layers and are interpreted as
“frozen” Mn fronts. These fronts are most likely caused
by a manganese-carbonate phase since Mn/Al shows a
similar distribution as Ca/Al. This notion is in line with
Calvert and Pedersen [I993] who noted that manganese
carbonate can only be precipitated in places of active
manganese pumping, i.e., when the redox boundary is
at the sediment water interface. We therefore interpret
these Mn fronts as the remains of a Mn pump, which
depleted the underlying green shale and collapsed when
the overlying water column changed from oxic to anoxic
conditions.

Elemental ratios sensitive to changes in weathering
conditions like Ti/Al, Zr/Al, and Mg/Al are enriched
within the black shales; note that those increases are
not caused by decreased Al values (see Figure ). They
can be either caused by intensification of weathering in
the hinterland or by changing the source region. Since
the timescales involved in the formation of a lateritic
soil profile are in excess of 10 years, a changing source
seems more likely. We thus assume that these variations
are caused by changes in atmospheric circulation (“wind
stress”) or changes in the pathways of ocean currents.
This interpretation is supported by the variation of the
Na/Al and K/Al ratios, which are most likely caused by
changes in clay mineral composition. The Fe/Al distri-
bution mirrors mostly the variation of Zr/Al (e.g., the
black shale at 190 cm in Figure ). However, in some
cases. significant differences can be observed (e.g., at
90 cm in Figure ), and are interpreted as a result of
early diagenetic diffusion of Fe?* [Bernei, 1969].

Elemental ratios potentially sensitive to primary pro-
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duction such as P/Al, Ba/Al, Si/Al, or Core/Al, are not
equivocal. While P/Al and Co,g /Al are enriched in the
black shales, Ba/Al and Si/Al are depleted. Both Si/Al
and Ba/Al can be influenced by changes in the detrital
composition. To exclude this possibility, we performed a
statistical analysis to gain information about how many
independent factors are needed to describe the observed
elemental distribution.

To test the relationships between the analyzed ele-
ments, we employed the widely used technique of factor
analysis [see, e.g., [Healh and Dymond), [981)]. This type
of statistical analysis tries to describe a larger set of
variables by a smaller set of independent artificial vari-
ables. In the best case these synthetic variables can be
attributed to real geological processes like dissolution,
current transport, or hydrothermal input. However, as-
signing a synthetic factor to a specific process has to be
done on grounds of geological reasoning.

The analysis was carried out using all 21 analyzed el-
ements except Mn, but with the addition of the Ca/Sr
ratio. Mn was excluded because of its non-Gaussian dis-
tribution. Factor analysis of a 22 x 22 correlation matrix
yields four synthetic variables (factors). Applying the
“inverse correlation matrix test” yields a good diagonal
matrix, which proves the suitability of the dataset for
factor analysis [Backhaus et all, 1996]. The extraction
of the principal factors by principal component anal-
ysis (PCA), was done using the “Quartimax” approach
[Backhaus et all, 1996, see, e.g.,]. The results of the PCA
were tested for stability by excluding different groups
of elements and counter-checked by using a different ex-
traction method (“Varimax”) [Backhaus et all, 1996, see,
e.g.,). All tests yielded the same result; that is, the vari-
ation of most elements can be described by two major
factors, accounting for ~60% of the observed variance,
and two minor factors. If we group the element ratios
according to their dominant factor, we get the following
groups:

1. Ni/Al, Ti/Al, Co/Al Fe/Al P/Al, As/Al Zr/Al
Corg/Al, and S/AlL Most of these elements are
clearly of detrital origin. Thus we conclude that
the first factor describes the influence of detrital
input.

2. Rb/Al, K/Al Ba/Al, Sr/Ca, Na/Al, Ca/Al, Si/Al
and Mg/Al. This factor combines elements that
are sensitive to primary production and clay min-
eralogy.

3. The third factor (V/Al, Zn/Al, Cu/Al) is inter-
preted to represent diagenetic effects like redox
mobilization.

4. Factor four, which has high loadings for Sr/Al,
Th/Al, Mg/Al and Ca/Al, is probably associated
with a phosphatic phase.
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Figure 9. Distribution of elemental ratios when plot-
ted within the detrital/biogenic coordinate system as
yielded by principal component analysis.

While the interpretation of the two minor factors is
somewhat speculative, the first two factors can clearly
be interpreted to represent detrital and biogenic input,
respectively.

Elements that are sensitive to detrital input as well
as to biogenic sources (e.g., Corg/Al with its mixture
of type II/IIT OM) should have high loadings for both
factors. Figure @ shows that this indeed is the case. Fur-
thermore, most ratios group parallel to the factor axis,
showing, for example, the increasing detrital influence
when moving from Ba/Al to Rb/Al or from Co/Al to
Corg/Al The clay-mineral associated elements like Rb,
Na, and K show high loadings for the detrital factor but
also unexpectedly high loadings for factor 2 (biogenic
input).

The factor analysis shows that Si/Al and Ba/Al have
only minor loadings for the detrital factor, suggesting
that the barium and silica signals are unlikely to be of
detrital origin. However, barium is known to be mo-
bile in reducing environments [see e.g., [Torres et all,
1996]. The main carrier phase of barium in seawater is
suspended barite particles, which are collected by zoo-
plankton and exported into the deeper waters via fast
sinking fecal pellets [Dehairs et all], [980; [Dymond and
Suesd, 1992; [Gingele and Dahmké, 1994]. After incor-
poration into the sediment, biogenic barite can be mo-
bilized below the sulfate reduction zone and diffuse up-
ward until it reaches the base of the sulfate reduction
zone where it reprecipitates as BaSOy4 [Torres et all,
1996]. In continental margin upwelling sites (e.g., Peru,
Namibia, Oman), the sulfate reservoir is typically de-
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pleted below 10-200 meters below the seafloor (mbsf)
[see e.g., [Emeis and Morsd, 1993, Figure 5]. [Lasaga and
Holland, [I976] have shown that a nonuniform distribu-
tion of OM in the sediment column does not necessarily
result in a nonuniform composition of interstitial waters.
They were able to show that to influence the composi-
tion of the interstitial waters, the frequency « of the
OM composition changes must be lower than
w2
a < D.

where w stands for the sedimentation rate and Dj
for the diffusion coefficient of sulfate. We assume that
Dy, =5x107% (cm? s71) [Krom and Bernerl, 1980] and
that our estimated sedimentation rate of 9.4 mm kyr—!
has to be decompacted by a factor of 10. Thus we esti-
mate a minimum value of 1.8 m.y. to cause deviations
from the steady state behavior of the sulfate pore water
profile. The same calculation for a sedimentation rate
of 26 mm kyr~—! (see below) yields a minimal time in-
terval of 233 kyr. These times correspond to minimal
sediment thicknesses (after compaction) of 17 and 6 m,
respectively. In either case the black shale intercalations
are too short to influence the sulfate distribution of the
interstitial waters. That is, if barite dissolution has oc-
curred, it occured as a steady state process, affecting
the green shales to the same degree as the black shales.

Because of this, we argue that the measured barite
signal truly records changes in the pelagic background
signal and was not affected by localized early diagenetic
dissolution processes. This leaves us with the somewhat
unexpected notion that the OM productivity was high
during the green shale mode and low during the black
shale mode.

The high DOP values, the well-preserved lamination
of the black shales and the Mn distribution indicate
that anoxic conditions occurred within the water col-
umn during the black shale deposition. Given that the
anoxic conditions affected a sufficiently thick part of the
water column, important consequences will result for
the regeneration cycles of OM, barium, calcium, silica,
and phosphorus. To investigate these consequences, we
suggest the following very simple model.

For our model basin we assume an arbitrary wa-
ter depth of 5000 meter below sea level (mbsl; see be-
low for discussion). Following the data of [Betzer et all
[1984], only 3.1% of the produced primary particulate
organic matter (POM), normalized to an export produc-
tion of 100 g Cm~2yr—! at 20 mbsl, reaches a depth of
5000 mbsl. Unfortunately, there are almost no data that
compares primary productivity with the input of terres-
trial organic matter (TOM). The data of [Westerhauseri
et all [1993] indicate however, that the contribution of
TOM to the OM exported into the sediment is <18% if
the offshore distance is >200 km. Because TOM is less
easily oxidized [Kolaltukudy, 1976; Juniper and Jeffree,
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1983; [Gagosian_and Peltzer|, 1986], the contribution of
TOM to the exported OM must be even smaller. As a
working hypothesis, we assume that 50% of the TOM
input is exported at 5000 mbsl; thus the initial contribu-
tion of TOM compared to the primary production can
be assumed to equal ~1% of the primary production,
which is in good agreement with existing data [Gagosiari
and Peltzer], 1986].

While most of the produced Co,e and carbonate is
recycled in the water column, a small portion escapes
destruction because it is incorporated into fast sinking
particles [see e.g., [Grimm et all, 1997; [Honjd, 1980].
After reaching the seafloor, these particles are either
utilized by benthic organisms or subjected to oxidative
breakdown, thus releasing the contained components.
Because of the sub-CCD position of the sediment water
interface, carbonate redissolves, but barium (as barite)
and some silica (opal) get incorporated into the sedi-
ment (Figure [[0).

Changing the system from green shale mode to black
shale mode affects these regeneration cycles in several
ways. With the establishment of anoxic conditions and a
stratified water column the link of the photic zone to its
most important nutrient supply, the phosphatic deepwa-
ter [Ryan _and Citd, [977], becomes weaker. Note that
the suggested increase of P regeneration during anoxia
[In_qall et all, 1993; Ingall and Jahnke, 1994; wan Cap-
pellen_and Ingall, 1994] is only effective for anoxic events
occurring on timescales greater than the residence of P
in the ocean (>50 kyr) and is therefore not discussed in
our model.

As a result of the weaker link, bioproduction and
the export rate of Cors decrease. It has been argued
that OM degradation under anoxic conditions is of a
similar magnitude as OM degradation under oxic con-
ditions [e.g., [Kristensen and Blackburrl, 1987; [Canfield,
19890]. However, the degradation rate of refractory OM
is much smaller under anoxic conditions, which leads to
preferential preservation of degraded or refractory OM
[Canfield, 1994]. Because the easily degradable OM has
already been oxidized in the upper part of the water
column, the influence of anoxia on OM preservation is
depth dependent [[Canfield, 1994]. We hypothesize that
the bio-mediated breakdown of fecal pellets decreases
under anoxic conditions too, which would provide a sim-
ple explanation for the occurrence of well-preserved coc-
coliths within the black shales. It is readily apparent
that the almost exclusively fecal pellet controlled trans-
port processes of barium [Dehairs et all, [980; [Dymond
and Suesd, 1992; [Gingele and Dahmké, 1994] are much
less affected by changes of the oxygen content of the wa-
ter column. The only way to introduce major changes to
the regeneration cycle of barium is by barite dissolution
in sulfate-depleted pore waters (see discussion above).

Assuming that barium content (and Si, which shows
the same pattern as Ba) is linearly coupled to primary
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Figure 11. Assuming a linear relationship between pri-
mary production and OM exported into the sediment
and fixing the model output to a constant TOC shows
that large changes in primary production are easily com-
pensated by small changes of the regeneration rate for a
wide range of TOC values. The initial offset seen when
the changes in primary productivity are zero shows the
needed decrease in OM regeneration to change from nor-
mal TOC values (0.2%) to a given TOC level.

productivity and that the export of OM into the sed-
iment is a linear function of primary production, we
can calculate the consequences of this scenario. We as-
sume that the input of TOM remains constant, that the
breakdown of the TOM happens at the sediment /water
interface, and that the average barium value of the green
shales records 100 arbitrary productivity units (PU).
Furthermore, we arbitrarily assume that these PUs cor-
respond to 100 organic matter units (OMU) of which
99 units are marine and one unit is of detrital origin.

Within the black shales the barium-recorded Coyg
productivity drops to an average of 73 PU. Thus the
initial primary production (99 + 1) OMU drops to
72+ 1 = 73 OMU. As we know from the measured
data, the buried amount of OM changes from 0.2% in
the green shales to ~ 4.5% in the black shales; thus
the regenerated amount of OM equals 68.5 OMU. From
this we can calculate the change in the regeneration rate
of OM as from 99.8/100 = 99.8% to 68.44/73 = 93.7%,
which is 6%. This calculation clearly shows that a slight
(6%) decrease of the regeneration rate (including break-
down at the sediment water interface) overcompensates
for the large (27%) decrease in primary productivity
(Figure [[0). Assuming a greater TOM regeneration rate
amplifies this relationship even more. This calculation
can be generalized and demonstrates that large changes
in primary productivity require only small changes of
the regeneration rate to maintain a constant TOC of
the sediment (Figure [[]).
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Figure 10. Simplified regeneration cycles of OM and barium during green and black shale deposition. The dif-
ferences in the burial rates are a result of different transport mechanisms. While most Co,, is transported as
particulate matter and already regenerated within the water column [[Betzer et al], 1984], barite is mainly trans-
ported in fast sinking fecal pellets [[Dymond and Suess, 1992 and less affected by changes of the Co,g regeneration

rate. The numbers represent hypothetical units but can be thought of as percentages.

2.2. Time Series Analysis

Time series analysis was carried out independently
for all analyzed elements. Because of the very short in-
terval of only 3 m, the data are noisy. Nevertheless, the
spectral characteristics of the elements can be classified
into several groups: (1) Elements that show only one
peak around 52 cm wavelength, like Co/Al, Ti/Al and
Zr/Al (e.g., Figure [[2). This group comprises all detri-
tal elements with a low loading for the biogenic factor
(Figure ). (2) Elements that show a clear bipartitioned
peak around 52 cm wavelength, like Ba/Al (Figure [2).
This group of elements consists of biogenically influ-
enced elements with a low loading for the detrital fac-
tor. (3) Elements whose spectral power distribution can
be explained as a superposition of the signal yielded
for group 1 and group 2, respectively. That is, they are
influenced by primary production as well as by detri-
tal input, like Corg/Al (Figure [). (4) Elements that
show no significant peaks at all (e.g., Mn/Al), which
have been most likely subjected to diagenetic redistri-
bution.

At the time when this study was designed, it was
believed that the base of the section was Aptian in
age [[Hessd, 1973] and thus within the Cretaceous mag-
netic quiet zone. In consequence we selected the sam-
pling site exclusively on the grounds of outcrop quality.
However, recently generated 6'3Co,y data (to be pub-
lished elsewhere) show that the Rehbreingraben Forma-
tion extends at least to the middle Barremian. Geomag-

netic investigations currently in progress have success-
fully identified the magnetochron M1, and the prelim-
inary data indicate the presence of the magnetochrons
M3 and M0O. We hope to have accurate time control
for the black/green shale rhythms from the middle Bar-
remian to the Early Aptian in the near future. If the
refined data can be confirmed, the distance between
the top of M3r and the base of Mlr, which is 6 m,
covers ~600 kyr [Gradstein et al], 1995]. The average
black/green shale couplet thickness is 20 cm. Thus we
obtain an average duration of 20 kyr per couplet and an
average sedimentation rate of 10 mm kyr—!; suggesting
that the black/green shale rhythms constitute a preces-
sional signal.

3. Discussion

The data of the present study suggest that the inves-
tigated black shales are not the result of high primary
production. Much of our reasoning is based on barium
and silica, but we cannot categorically exclude the pos-
sibility that the observed barium and silica variations
are diagenetic signals. Nevertheless, to our knowledge,
there are no pore water profiles from modern marine
upwelling sites where barium is mobilized within the
first few centimeters bsf. As has been shown by
land_Holland [1970], later sulfate depletion (and possi-
ble barium remobilization) must occur as a steady state
process. The suggested model is valid over a large range
of input parameters like the amount of contributed
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Figure 12. Powerspectra of various element ratios as obtained by the Lomb-Scargle Transform [Scargld, 1997].
The dotted horizontal lines indicate the significance level of the peak. Note the bipartitioning of the Ba/Al peak
around 52 cm wave length and that the Co.e/Al peak (at 52 cm wavelength) is a superposition of the biogenic

signal (i.e., Ba/Al) and the detrital signal (i.e., Zr/Al).

TOM or the assumed changes in primary productiv-
ity. Furthermore, if the investigated black shales were
caused by enhanced production and enhanced preserva-
tion due to higher sedimentation rates [Canfield, 19894
[Calvert and Pedersen], 1992; [Emeis and Morsd, 1993],
there are no data that support a fivefold increase of
the sedimentation rate and the fivefold increase in pri-
mary productivity needed to explain the 25-fold increase
of TOC. On the contrary, in many cases, the primary
productivity during the Early Cretaceous was com-
parably low [Bralower and Thierstein, 1984; [Premolid
ISilva_et al), 198Y; [Thiersteir], T989]. Besides the low-
production/high-preservation origin of the cyclic black
shales, the dataset displays a second interesting feature.
Most black shale layers are associated with an increase
of the detrital elements, which gives rise to the question
of why the change of detrital composition covaries with
the Corg preservation.

3.1. A Depositional Model

As shown in the previous section, one way to inter-
pret the elemental distribution patterns is by assuming
that part of the water column has been anoxic during
times of black shale deposition. However, what processes
caused the anoxia? Examination of the paleogeographic
position of the Early Cretaceous Tethys Ocean shows
that it is situated between two distinct climate regimes
(see Figure [[). The southern parts of the ocean were
affected by the tropical low-pressure system (TL), while
the northern parts were dominated by the subtropical
high-pressure system (STH). The dry climate together
with a trade wind system cause extremely high evapora-
tion rates and, in turn, warm and saline surface waters.
Computer simulation of salinity predicts values as high
as 370%o for places with high evaporation rates [[B ,
1995], sufficient to drive the generation of warm deep-
water [[Brass et all, [981); [Barron and Petersorn|, T989).

However, such a system is sensitive to changes in
the evaporation rate, which itself is a function of wind
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Figure 13. Principal elements of the Early Cretaceous
climate in the Tethys region as depicted by most climate
models [e.g., [Oglesby and Park, 1989; [Price et all, 1995;
[Barron, [995; [Hay et all, 19994]: MLL, mid latitude-low
pressure system; STH, subtropical high-pressure sys-
tem, and TL, tropical low-pressure system. Coastlines
are taken from [Dercourt et al] [1993] but modified to
suit the actual plate geometry. Depth of the ocean crust
has been computed from ocean crust age as depth (me-
ters) = 2500 4 350 x y/age(m.y.). Details on the plate-
tectonic reconstruction will be published elsewhere.

speed, air humidity, insolation, and temperature [see,
e.g., [Barron et all, 1985]. Air humidity in particular will
change as a function of the position of the intertropi-
cal convergence zone (ITCZ). In times of strongly de-
veloped midlatitude low-pressure systems (MLL), the
ITCZ may short-circuit with the MLL, initiating a mon-
soonal event that transports humid air into the north-
ern parts of the Tethys Ocean. The increased humidity
decreases evaporation and increases precipitation and
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possibly runoff from the bordering northern continents.
Consequently, the salinity-driven deepwater generation
is shut off and a stratified and oxygen-deficient water
body may develop. This concept is supported by com-
puter simulations investigating the effect of precession
on climate. For example, the model run by [Oglesby and
Park [1989] for the middle Cretaceous showed that inso-
lation changes exert a strong control on the monsoonal
strength over proto-Asia and strongly influence evapo-
ration/precipitation rates over the opening South At-
lantic.

Holser et al] [I980] and [Hay and Wold [1997] showed
that the salinity of the lower Cretaceous ocean must
have been higher than today. Changing the mean ocean
salinity, as well as changing the salinity contrast within
the ocean due to an increased hydrological cycle [Hay,
1997], changes the physical properties of water in many
ways [[Rooth, [982]. Most notably, the temperature of
maximum density is affected by salinity, which has
sound consequences for the formation of deepwater [Hag
et all, 19994]. [Schmidt and Mysak [1996] were able to
show that depending on salinity and temperature of the
polar waters, the ocean can be in a metastable state,
which neither favors polar nor tropical deepwater forma-
tion. It seems sensible to assume that such a metastable
state is susceptible to external forcing. It should be
noted that most of these climate simulations have been
run to simulate a Cenomanian climate and that the
Aptian boundary conditions were different. Most im-
portant, the South Atlantic was still closed (Figure [I]).
However, the Aptian/Albian is, similar to the Cenoma-
nian, characterized by sediments with a well expressed
cyclicity. Thus we propose that the concept of an “un-
decided ocean” (with respect to deepwater formation)
susceptible to external forcing is a fruitful concept for
the Early Cretaceous too.

3.2. Relation to Other Tethyan Black Shales

As stated in the introduction, most of the described
Early Cretaceous black shales have been deposited on
continental crust and thus in water depth >3000 mbsl
and relatively near the continent. Our simple model in-
dicates that the overall sedimentation rate, the posi-
tion of the oxygen minimum zone, and the water depth
play an important role in OM preservation (which is
consistent with the findings of [Canfield [1994]). Thus
most of the currently known Tethyan black shales can
probably not directly be compared with our scenario
because they have been deposited in a shallower en-
vironment. However, they have been controlled by the
same ocean/atmosphere interactions, and depending on
the export-production/depth function, it might be con-
ceivable to find black/green shale cycles in which black
shales represent times of high organic production [see
.e.g., Hofmann et all, 1999].
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4. Conclusion

Geochemical analysis of Aptian sub-CCD black
shales gives no indication for upwelling-induced high
OM productivity. We can also exclude the possibility
that the rhythmic black/green shale cycles are caused by
reworking or massive input of detrital OM as suggested
by [Habit| [1982]. Major-element distributions suggest
that the analyzed black/green shale sequences record
changes from a high-productivity and well-oxygenated
green shale mode to a low-productivity and oxygen-
deficient black shale mode. Furthermore, the data show
that these changes covary with changes in the detrital
composition. We therefore suggest that the anoxic peri-
ods are ultimately caused by climatic changes and that
the link between climate and deep-sea sedimentation
was a salinity-driven deepwater generation sensitive to
changes of a possibly precession-influenced monsoonal
system. This is analogous to a model proposed by [Bar3
ron_et al] [T985] for the Western Interior Seaway.

Furthermore, the results of the investigation show
that the processes forming black shale layers in very
deep marine basins (possibly significantly below the
CCD) differ in many respects from the processes form-
ing black shales in high-productivity upwelling areas at
the shelf break. Most notably, the sedimentation rate
is very low, and together with the great water depth,
changes in the Cor production rate cause only minor
changes in the Co,, sedimentation rate whereas changes
in Corg preservation become the dominant control fac-
tor.

Time series analysis reveals that these changes are
periodic in nature. However, because of a poorly con-
strained age model, we could not prove that the dom-
inant periodicity in the investigated interval is indeed
related to the precession component of the Milankovitch
frequencies. Ongoing geomagnetic investigations will
permit a reassessment of this problem in the near fu-
ture.
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