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CHAPTER I
SYNOPSIS
Marine sedimentary records may contain important information on environmental
changes in the past. Modellers of global changes need such information to make a more
accurate description of past climates, and to predict more precisely possible future climate
changes. Signals in sediments can be divided in two groups: I. primary signals caused by
variations in terrigenous and biological inputs, occurring before and during sediment
deposition and 2. secondary signals, which are formed after deposition. These secondary
signals form as a result of variation in primary signals and external changes, such as
diagenetic changes or tectonic influences.
This thesis deals with the cause of primary and secondary signals and their
interaction, in marine sediments from the Mediterranean and North-Atlantic. In the
Mediterranean, especially the eastern part, organic rich layers are found that are intercalated
in hemipelagic "normal" marine sediment. These layers, "sapropels", have aroused tremendous
interest in the scientific community because of their alleged similarities to Cretaceous Black
Shales. In chapter 2, one of the primary signals in sapropels, 8 180, is reassessed. Depletions
in 8 1SO, coinciding with sapropels, are important evidence for the development of a low
salinity surface layer. Such a layer is a prerequisite for a reversal of circulation in the
Mediterranean, which has been suggested to be the cause for sapropel formation. We show
that this is not necessarily true, because these depletions can as well be explained within the
present-day circulation pattern of the Mediterranean.
Organic matter, a primary biological signal, is highly reactive in comparison to other
components in the sediment. The availability of (reactive) organic matter in the sediment will
provoke several biogeochemical reactions. These reactions give rise to several secondary
signals that dominate sedimentary changes during early diagenesis. The specific alternations
of organic rich and organic poor sediment will cause that diagenetic conditions change
accordingly. In order to describe such a system accurately we propose that in the sediments
discussed here early diagenesis can best be divided in three stages. During stage I, an organic
rich layer is deposited and sulphate reduction occurs, while anoxic conditions persist within
this layer. Stage 2 is characterized by replenishment of oxygen into the sediment and the
development of a progressive oxidation front during accumulation of "normal" sediment.
Finally, during stage 3 suboxic conditions are established upon burial. These conditions are
caused by the emplacement of a new organic rich layer, effectively preventing oxygen
suppletion. Chapter 3, 4 and 5 consider early diagenetic changes during these successive
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stages.
In Chapter 3 we report mobilization and enrichment of Ba, a well established proxy
for paleoproductivity.

We explain the present-day sedimentary distribution of Ba by:

dissolution of primary barite during stage I, followed by precipitation in stage 2, and
preservation of secondary barite in stage 3.
The coincidence of palaeomagnetic reversals with lithology in cyclic organic-rich
organic-poor sediments suggests that formation of secondary magnetite may have occurred
(Chapter 4). Application of the three stage scenario learned that during stage I primary
magnetite, recording the direction of the earth magnetic field before a reversal, was formed
and preserved. In stage 2, iron and manganese enriched layers developed in response to the
progressive oxidation front. Formation of secondary magnetite during stage 3 will, after a
reversal, record the new direction of the earth magnetic field. Secondary magnetite formation
will especially occur in the previously formed iron enriched layers under suboxic conditions,
thus predating the reversal.
In Chapter 5, the formation of two different types of thin metal-rich layers in North
Atlantic sediment are treated. Initial formation of the first type layer occurs during stage 2.
In this stage, iron- and manganese-oxides with associated trace metals precipitate in response
to a progressive oxidation front. Subsequently, in stage 3 after dissolution of iron and
manganese oxides, the trace metals were liberated and subsequently relocated and precipitated
as a result of a redox gradient. The second type layer is enriched in copper and sulphur.
Accumulation of this association seems to occur in stage 3 only, and is possibly related to
gradual, slowly evolving redox reactions.
Until this chapter we have only dealt with secondary signals that were initiated by
variations in primary signals. In Chapter 6, secondary signals are looked at with regard to
external changes, i.e. uplift and subsequent weathering. Primary signals, such as organic
carbon, 8 13COlJ and carbonate content, and secondary signals formed during one of the stages
in early diagenesis, such as pyrite content, are seriously affected by weathering.
Finally, in Chapter 7 the effects of primary and secondary signals are integrated in
order to explain the formation of Pliocene sapropels and carbonate cycles. Assessment of
various primary signals, such as foraminiferal abundances, organic carbon and terrigenous
input, and secondary signals caused by external changes and diagenesis, indicated a biological
cause for the development of carbonate cycles. Recent studies to the formation of late
Pleistocene sapropels tend to underline this outcome. This contrasts to former studies of
Pliocene carbonate cycles that contributed variations in carbonate content to dilution with
terrigenous clastics or to diagenetic dissolution.
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OXYGEN ISOTOPE DEPLETIONS IN EASTERN
MEDITERRANEAN SAPROPELS EXCLUDE ESTUARINE
CIRCULATION

Bertil 1.H. van Os and Eelco 1. Rohling
Departments of Geochemistry and Geology, Faculty of Earth Sciences,
Utrecht University, P.O. Box 80.021, 3508 TA Utrecht, The Netherlands

ABSTRACT
By estimation of past water fluxes and their 6 180, we can successfully explain 6 180
depletions in eastern Mediterranean sapropels with the present circulation mode. These 6 180
depletions are caused by the combined effect of Atlantic seawater input, decreased
evaporation and enhanced runoff. With respect to the 6 180 budget, the contribution of the
river Nile can be neglected. Enhanced humidity, due to increased activity of Mediterranean
depressions, determines the freshwater fluxes and oxygen isotopical signature of sapropels.
These depressions are linked to the westerly Atlantic system, which shows increased activity
during minima in the orbital precession cycle.
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In the eastern Mediterranean, organic rich layers are found with alleged similarities

to organic rich black shales such as those from the Cretaceous (1-3). The formation of these
sapropel layers seems to be cyclic and has been shown to be closely correlated with orbital
cycles (4,5). In recent years, development of a low salinity layer in response to increased run
off from the river Nile is seen as the major cause for eastern Mediterranean sapropel
formation (4,6,7). This would have caused: stagnation, resulting in deep-water anoxia and
subsequent preservation of organic matter (1,2,4), increased input of river borne nutrients
causing enhanced productivity and subsequent accumulation of organic matter (7,8). In
addition, various workers suggested that during sapropel formation, precipitation and runoff
exceeded evaporation, leading to a reversal of circulation (6,9).
The prime evidence used to infer development of a low salinity layer are oxygen
isotope records based on planktonic foraminifers that show depletions in most Late Pliocene
to the Holocene sapropels (4,9,10).
In this manuscript we will reassess oxygen isotope data of G.ruber (6) using a box
model based on a simple model used earlier to discuss hydrographic changes in the eastern
Mediterranean (12,13). Our results show that the variation in 8 180 of surface mixed layer
water in the eastern Mediterranean is dominated by changes in both the flux and isotopic
composition of Atlantic seawater and decreases in evaporation from the basin. The attribution
of monsoonal induced increases in Nile discharge can be neglected. In addition, our
modelling results suggest that the difference between observed and required 8 180 depletions
in the eastern Mediterranean would exclude a circulation reversal.
It has become common practice to employ the oxygen isotopical record for
reconstruction of paleo-salinities in the eastern Mediterranean sea. For this purpose, the
present-day relationship between 8 180 and salinity in that basin is determined and assumed
constant through time. Although variations in 8 180 and salinity (8) have common causes such
as changes in evaporation, input of freshwater and North Atlantic water and ice-volume,
however, the effects of these causes are not necessarily the same on both properties.
Therefore, the 8 180-8 relation in the geologic past may have differed considerably from the
present.
The fossil 8 180 data we use to demonstrate past depletions are based on the various
records of G.ruber (6), which is known to thrive in the warm, oligotrophic, mixed layer
overlying the seasonal thermocline. The oxygen isotopic composition of G. ruber is an
appropriate recorder of salinity and summer temperature within that layer (14). Consequently,
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Figure 1. Modern eastern Mediterranean water budget. Thickness of arrows are equivalent with water fluxes. Note

that the box sizes are not on scale.

isotopic variations of G.ruber can be used to estimate 8 180 fluxes in, and the composition
of, the seasonal mixed layer on the condition that variation of these fluxes in the past are
known. To assess these past variations in eastern Mediterranean water fluxes and coupled
8 180, we developed a model, relating shoaling of the pycnocline to reductions in excess
evaporation, western Mediterranean inflow and eustatic sea-level lowering (12,13)
In the actual eastern Mediterranean, gradual increase in temperature and salinity
causes, in summer, the presence of a warm, high salinity layer above a thermocline. This
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situation is represented in the model by a horizontal division within the surface water inflow
from the western Mediterranean, separating inflow (V j over an uppermost layer and a
subsurface layer (Fig. I). Modem salinity and S'80 measurements (15) gave a best fit when
2/3 of Va was allowed to flow into the upper box (EI) and 1/3 Va into the lower box (E2)
(Fig. I). Knowing present day fluxes and S'80 of evaporation (E), Nile (lj and input from
other, local (freshwater) sources (I,...) (fable I), the model successfully simulates today's
"basin enrichment" in S180 of 0.5%0 in the upper-surface-Iayer box (15). A large discrepancy
was found between published estimates of evaporation (16,17). Our double-surface-Iayer box
model suggests that, to simulate present day values, Bethoux's values (16) for evaporation
place unrealistic constraints on the 8 180 of 1100, Therefore, we use the Sarmiento et al. (17)
estimate for evaporation and furthermore consider 8'80000as constant through time.
In the model, past variations of excess evaporation (X=E-lnil.-I,...), Va and the depth
of the pycnocline (Fig. I) are related to the present with coefficients y,.Q and a respectively
(13). These coefficients are related to each other and from the determination of a the other
coefficients can be distinguished (fable I). Another factor accounted for is the effect of past
sealevel variations (via coefficient cI» on the volume of surface water inflow across the
Sicilian sill (Vj (12). The model yields variations in the 8 11'0 of box EI (Fig. I) related to
variations in X and Va' We assumed that E and 1100 changed inversely and proportionally,
according to their modem ratio of about 2.4. This assumption seems valid since both
parameters are influenced by local climatical conditions, strongly related to the westerly
Atlantic circulation (13,18). Present-day average depths of the euphotic layer and the
pycnocline in the eastern Mediterranean, are about 120 m and 150 m respectively. Therefore,
a<0.8 would imply that the pycnocline resided within the euphotic layer, a condition that

would be reflected in records of planktonic foraminifers (19) and calcareous nanoplankton
(20).

Application
Ss

Isotopic values from the 10 most recent sapropels show that the largest 8'80
depletion occurred in sapropel Ss (2,21,22). Atlantic 8 180 values suggest that during isotopic
stage 5e, when Ss was deposited, inflow (V j was presumably depleted by about 1%0 (23).
Sealevel was about 10 m higher than present (24). Nile discharge was taken 150% higher
than present, a value similar to that used for S, (4,25). With these values the model gives a
relation between a and the 8 180 depletion as plotted in figure 2. In addition, figure 2 shows
the results of sensitivity analyses for changes in sealevel and Nile discharge. These indicate
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Table 1. Water and isotopical fluxes of the eastern Mediterranean.
properties

present

S.

Ss

VB

2.37*10 13

1.88*10 13

1.26*10 13

Iloo

8.1*10 11

8.6*10 11

1.03*10 12

I NiI •

9.0*10 10

22.5*10 10

22.5*10 10

E

1.91*10 12

1.80*10 12

1.39*10 12

X

12

11

2.65*10 11

1.01*10

7.07*10

Asealevel

0

-15

+10

<I>

1

0.934

1.044

a

1

0.80

0.40

n

1

0.85

0.37

Y
flux

B

flux

B

flux

B

flux
flux

B

1

0.72

I8

3.08*10 13

0.94*10 13

0.14
0.38*10 13

I8

-1.28*10 13

-1.35*10 13

1.63*10 13

I8

1.91*10 13

1.81*10 13

1.39*10 13

18

11

11

-4.5*10 11

6.09*10 12

4.09*10 12

-2.82*10 12

0960

-0.9960

-2960

O v•

0 Doo
0E
0 NiI•

BISOx

A B I80

-1.8*10

-4.5*10

Water fluxes in mJyr'\ and isotopical fluxes in %omJyr'\ in the eastern Mediterranean (c.r. Fig 1). V. = western
Mediterranean inflow, 1...= freshwater iput other than the Nile, I,m.=freshwater inflow from the Nile. E=evaporation,
X=E.I,.;a.-IIoc, V.S\,Il3= a.ell. V.p, Xs,,s,=y*xP, ellsl,Il3=1+4.4·IO·J.m·\·(sealeveISI,Il3 - sealevel P), pycnocline depthP =
a·pycnocline depthS\,Il3. The relation between a and a can be obtained by rearranging the combined equations of
Rohling (12,13) solving for a ('" ..Jr), giving:

(;; +(;\ ; ~r - (~.I;.
4 •

 ,]

Q=------'---------'-""-'-
2
where superscript p=present and S. = upper layer salinity.
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that the model is rather robust with respect to such variations. Temperature was about 2-2.5
°C higher during deposition of S~ (26), causing a additional depletion of about 0.5%0. Because
the 8180 depletion for S~ relative to the present is about 2.5%0, a depletion of 2%0 must be
accounted for after temperature correction. Figure 2 shows that this corresponds to a value
of about 0.4 for a., equivalent to a pycnocline depth of about 60 m. Indeed, planktonic
foraminifers and calcareous nanofossils indicate that the pycnocline resided well within the
euphotic layer. From this value for a. we calculated yllo{).14. The physical implication of
'F0.15 is that excess evaporation was reduced by about 85% relative to the present (Table
1). Such decrease in excess evaporation seems not unreasonable for isotopic stage 5e in view
of the development of huge North African lakes (27).

81
In sapropel S\, no faunal or floral evidence has been found for a pycnocline position
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within the euphotic zone, suggesting that this is not a strict prerequisite for sapropel
formation. Only at the very top of S., faunal data suggest that the pycnocline resided near the
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base of the euphotic layer, indicating that at that time w::O.8 (28,29). Sealevel at about 7000
B.P. was still some 15 m lower than today (30) (cI>=0.94). Using these values and a BISO...
of 0.5960, (present day value 1.3960 minus 0.8960 depletion as compiled by Thunell and
Williams (6», a relation between BISO and

(X,

can be determined as shown in figure 3. The

BU'o depletion of about 1960 for w==O.8 closely matches the observed depletions in SI (6,31).
The corresponding decrease in excess evaporation is about 30% (y:::=O.72).
Implicllt;ons

Firstly, our model suggests that the observed BISO depletions can be explained
within the framework of a present-day type of anti-estuarine circulation. A reversal of
circulation, often invoked to explain sapropel formation, should be accompanied by far more
depleted BISO values. To achieve a circulation reversal, the sum of IN and 1100 should become
larger than E, so that the isotopic value of the severely reduced mixed layer box should
become in the same range of magnitude as BISOX ' the resultant average isotopic value of all
terms in the freshwater budget. Model results actually show this very rapid decrease of BISO
in the mixed layer with decreasing

(X,

(Figs. 2 and 3). However, the model may not give a

completely accurate description of the real situation during a reversal, because n, which is
a denominator, approaches zero.
Secondly, Table 1 shows that the most important factor in determining BlsO values
in eastern Mediterranean sapropels is the isotopic value of western Mediterranean inflow. This
inflow is, in tum, strongly related to the BISO of North Atlantic surface water flowing into
the western basin. The observed modem eastern Mediterranean BISO basin enrichment is a
net effect of the freshwater budget, in which evaporation is the major property. The calculated
decreases of excess evaporation by 30% and 75% for the SI and Ss sapropels respectively,
largely result from decreased evaporation and, secondly, enhanced freshwater input.
Thirdly, the isotopical budgets indicate that the attribution of the Nile to the
observed depletion in sapropels is negligible, which endorses similar conclusions by Jenkins
and Williams (21) (1984). Evidently, monsoonal influences on BISO and the freshwater
budget are of minor importance. Clearly, other processes than monsoonal precipitation must
be responsible for the relation between Milankovitsch cycles and sapropel formation.
If monsoonal forced increases in Nile discharge did not cause sapropel formation,
then what did? Evidence has accumulated concerning increased precipitation in the Northern
Borderlands of the Eastern Mediterranean (31-34), which cannot be related to the monsoonal
expansion and intensification (18). This increased precipitation and concomitant decrease in
evaporation is probably caused by increased activity of Mediterranean depressions, that are
10
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strongly related to the westerly Atlantic system. Increased activity of the westerly Atlantic
system would result from enhanced heat advection in the equatorial Atlantic at times of
minima in the orbital precession cycle (35). This would have induced a larger temperature
contrast across the Gulf Stream and North Atlantic drift. Intensified evaporation from these
wanner waters would in tum account for increased fonnation of Atlantic depressions with
enhanced moisture transport towards the east.
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P.O. Box 80.021, 3S08 TA Utrecht, The Netherlands

Abstnlct

In the last few years it has frequently been suggested that Ba is a useful
indicator of Paleoproductivity. The fonnation of some sapropels in the Eastern
Mediterranean is considered to be possibly to, or to coincide with periods of high
productivity. A high-resolution sampling study has been undertaken in order to investigate
whether the Ba distribution in sapropels reflects a primary input signal or whether it is
controlled by diagenetic processes.
On the basis of our results we suggest that three diagenetic stages detennine the
distribution of Ba. During deposition of the sapropel (stage I) Ba is mobilized as anoxic
conditions prograde. After deposition of the sapropel (stage 2), a progressive oxidation
front developed. This front induces the fonnation of Mn and Fe enrichments and barite
precipitation at the oxic/anoxic boundary. Barite precipitation is believed to be caused
mainly by a rise in the porewater sulphate concentration after sulphides have been
oxidized in the front.
Upon burial (stage 3), sub-oxic conditions develop as oxygen becomes
exhausted again. In contrast to iron and manganese oxyhydroxides which dissolve and
reprecipitate at higher levels, barite is preserved because dissolved sulphate is not
depleted.
The interpretation of the Ba distribution in organic matter rich sediment is not
straightforward. Diagenetic reallocation of a primary Ba signal will possibly disturb the
relation of Ba with organic production. Consequently, one has to be very cautious when
invoking Ba as a paleoproductivity indicator.
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INTRODUCI10N

Organic-rich layers (sapropels) were deposited in the Eastern Mediterranean
during the Pleistocene and Holocene, and these sapropels have been reported to contain
Ba concentrations that are significantly higher than those reported for normal
Mediterranean sediments (Calvert, 1983; Sutherland et al., 1984; Klinkhammer and
Lambert, 1989)
Enhanced preservation of organic matter due to anoxia or an increased surface
productivity is considered to be the most important factors controlling the formation of
sapropels (e.g. Cita et al., 1977; Stanley and Bonpied, 1980; Buckley et aI., 1982;
Rossignol-Strick et al., 1982; Calvert, 1983; De Lange and Ten Haven, 1983; Shaw and
Evans, 1984; Sutherland et al., 1984; Mangini and Schlosser, 1986; Buckley and Johnson,
1987; Ten Haven et al., 1987; Sarmiento et al., 1988; Rohling and Gieskes, 1989; Thunell
and Williams, 1989; Boyle and Lea, 1989). Therefore, the Ba enrichment in sapropelic
sediments

(Calvert, 1983; Sutherland et al.,1984) is believed to represent important

evidence for the increased productivity hypothesis.
Salinity excursions are an alternative explanation for the formation of sapropels
(Klinkhammer and Lambert, 1989). These excursions would be the result of leaching and
dissolution of evaporites. Enhanced salinity is thought to reduce the efficiency of the
microbial community and hence the degradation of organic matter resulting in a higher
rate of accumulation of organic matter.
In sediments, Ba is often associated with organic rich layers (Goldberg and
Arrhenius, 1958; B6strom et al., 1973; Church, 1979; Calvert, 1983; Sutherland et al.,
1984; Brumsack, 1986; Pepper et al., 1986; Schmitz, 1987; Calvert and Fontugne, 1988;
Klinkhammer and Lambert, 1989). Many authors therefore have linked the enrichment of
Ba in the sediment to an increase in primary production (Goldberg and Arrhenius, 1958;
Dymond, 1986; Dehairs et al., 1987; Lea et al., 1989). This suggests biologically mediated
sources for barite.
Gravitropism seems to be the driving force behind the use of Ba by living
organisms (Finlay et al.,

1983; Dehairs et al.,1987; Schmitz,

1987): enhanced

incorporation of Ba would occur as species adapt to higher seawater densities (Dehairs et
al., 1987). Other biologically linked sources were indicated by Bishop (1988, 1990), who

identified microenvironments in decaying particulate matter as the most important sites of
barite formation in the water-column. Progressive enrichment of Ba in organic rich
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Figure 1. Location of Cores GC 17 and GC 21.

particles falling through the water column has also been pointed out as a source of Ba in
sediments by Von Breymann et al. (1990). However, all the biological production in the
water-column does not seem account for the total Ba enrichment associated with organic
matter in sediments (cf. Church, 1979).
Besides having biological sources, barite precipitates could be formed by an
increase of the sulphate concentration (Church and Wolgemuth, 1972; Michard et al.,
1974; Church, 1979; Brumsack, 1986; Klinkhammer and Lambert, 1989). The excess

15

Chapter III
sulphate could be either diagenetically produced by oxidation of previously formed
sulphides (Church, 1979) or leached out of Messenian evaporites (Klinkhammer and
Lambert, 1989).
In this paper we discuss whether the distribution of Ba in sapropels reflects a
primary input signal or is diagenetically controlled. In order to investigate this, a high
resolution sampling study was undertaken on two cores collected from the eastern
Mediterranean.

MATERIAL AND MEnIODS

Results will be presented of two piston cores (GC21 and GC 17) collected during
the 1988 BAMO-3 expedition of R.V. Bannock to the eastern Mediterranean (Fig. 1).
Core GC21 (3250 m) is located near the northern edge of the Bannock Basin within the
area covered with brine water. The 419 cm core contains a sedimentary record stretching
over 220.000 years (Cita, 1989). The upper 150 cm were deposited relatively rapidly
under permanently anoxic conditions that developed after the sediment surface had been
covered with brine. The part is characterized by homogeneous sand followed by
alternating green silty marls with sandy marls, accommodating gelatinous pellicles,
siliceous plankton and gypsum crystals. A hiatus probably divides the upper part from
"normal" Mediterranean sediments. The normal sequence below the hiatus starts with
tephra layer Ys' followed by a sandy turbiditic horizon. Subsequently, brown marl
recurring with white marl levels and silty marl horizons is found. Sapropels exposed in
this lower part are Ss' S6' S, and S8 (Nomenclature after Ryan (1972) and McCoy (1974)).
The CaC03 content varies between approximately 10% in the volcanic layers, through
40-50% in the sapropels, to 50-60% in the marls. The present porewater salinity of the
core is ten times 'normal' seawater salinity due to infiltration of brine (for composition of
the brine, see De Lange et aI., 1990). In this study, only the normal sapropel-bearing
sequence will be considered.
Core GC 17 (water depth = 3 140 m) is located on a sill between Levante Basin
and the Scirocco Basin in the Bannock area, just above the level of the brine. The core
length is 478 cm, with a sedimentary record extending back in time to the Early Pliocene
(4.5 my B.P.). In this study only the Quaternary succession was used (320 cm long)
represented by Middle Pleistocene, Late Pleistocene and Holocene. The dominant features
of the core are brown and white marl intervals with intercalated foraminaferous sands. The
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sapropels S"

S" S,. S, and S8 and the tephra layers Y, and Y, are recognized.

Furthennore sapropel S4 is probably present although the black colour is absent, probably
indicating a lower iron-sulphide and organic carbon content compared to other sapropels
Fine grained sand has been deposited above sapropels S., S, and S8' The CaC03 content is
about 40-50% in the sapropels, 40-70% in the inter-sapropel intervals, and about 5-10% in
the tephra layers.
After collecting, the cores were split lengthwise, subsampled aboard ship and
stored at 4°C. Porewaters were obtained by squeezing 1O-15cm3 of wet sediment using
teflon lined manually operated squeezers in open air. Only major seawater element
concentrations are considered to be reliable using this method. Sampling was perfonned
with a bone spatula at I mm intervals around and in sapropel intervals and at I cm
intervals in inter-sapropel intervals. The samples were dried 24 hours at 105°C and
thoroughly ground in a agate mortar mill prior to dissolution in an HCI04-HN03-HF acid
mixture. The final residue was taken up in I M HCI.
Aluminium, Ba, Mo, S and Fe were measured with an ARL 34000 ICP-AES.
Analytical precision and accuracy was detennined by replicate analyses of samples, and
by comparison with an international (SO-I) and an in-house standard (MM 82). The
precision were better than 2 % for AI, Ba, Fe, Mo and S (Table I), and the accuracy
(relative deviation from absolute values from literature) was better than 4%. Sodium and

TABLE 1

Precision and accuracy for AI, Ba, S, Mo and Fe analyses

Element

Accuracy
(%)

Precision
(ReI. Std. Dev.)

Al

2

0.9

Ba

3

0.8

S

4

1.5

Mo

2

1.3

Fe

3

J.l
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total sulphur in porewaters were also determined using ICP-AES, with a relative standard
deviation of less than 6%.
The organic carbon content of one sapropel (S7 in core GC 17) was determined
volwnetrically following dry oxidation at IOOO°C after prior removal of carbonate. NO"
gases, that could interfere with the carbon content analyses, were demonstrated to be
absent using mass spectrometer scans.

RESULTS

Variations in Ba, S, Mn and Fe concentrations versus depth are shown in figure
2 a-f and figure 3 a-d. The Ba and Fe contents are corrected for closed sum effects, due to
carbonate dilution, by dividing the Ba and Fe concentrations by the Al concentration. To
compare BaJAI and Fe/AI with unmodified data, the ratios were multiplied by the average
AI content. The effect of Al correction is clearly demonstrated in Fig. 4 where AI
corrected data and uncorrected data are compared for sapropel S7 from core GC21. Note
that the correction is more significant for Fe, whereas for Ba only scatter at low
concentration is reduced.
The general chemical composItion of sapropels deviates from the chemical
composition rest of the remaining sediment (Table 2). Therefore, a chemical description of
the sapropel will be given first, after which the inter-sapropel sediment will be discussed.
Organic carbon has only be measured in sapropel S7 in core GC I7. The boundaries for the
other sapropels were determined visually.
Sapropel sediments

In general the concentrations of S and Fe are high in sapropels (Table 2).
Furthermore the profiles of S and Fe versus depth in sapropels are largely identical. An
exception is the relict of sapropel S4 in GC 17. In this sapropel an iron peak is found just
above the sulphur-iron enrichment. An explanation for this feature is given in the
discussion section.
There is a strong correlation between Fe and S (r =

o.

83), as is shown in Fig.

Sa. This might indicate that pyrite is the most important sulphur phase. In sapropels Ss
and S6 in both cores laminations are observed which are closely followed by changes in
total sulphur content. Barium shows an antipathetic relationship with S in these sapropels,
and also in sapropels S7 and Sa in core GC21.
It is remarkable that in sapropel Ss as well as in sapropel S6 the enrichment of
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Ba, S, Mn and Fe is approximately the same in both cores.
Sapropel S, in core GC 17 (Fig. 2f) reveals a strong coupling between organic
carbon (1.5-3 %) and sulphur (1-2.5 %). This suggests that the other sapropels, in which
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organic carbon has not been measured, can be defined by their high (pyritic) sulphur
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content. No relationship between organic carbon and Ba is found in this sapropel; Ba is
enriched (1000-1200 ppm) about 5

mID

above this sapropel. In general, the barite content

in sapropels is a magnitude lower than the pyrite content. Barite maxima in sapropel are
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consequently not reflected by concomitant sulphur peaks.
Inter-sapropel sediments

In the inter-sapropel intervals, Fe shows irregular enrichments although much
scatter disappears after Al correction (Fig.4). Figure 5b demonstrates that the inter
sapropel samples can be divided into two groups: (1) a sapropelic group, with S contents
higher than 0.02 mole.kg,t and displaying a pyritic trend (Fig. 5a), and (2) a group with
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average AI contenl Note different scale.

Diagenetic mobilization of barium
lower

S

concentrations

(0.02-0.14

mole.kg-·) showing no relationship with
Fe and probably not containing any

TABLE 2

Mean and absolute standard deviation of Ba, S, Mn, Fe and pyritic

sulphur but instead
porewater sulphate sulphur.

AI analyses from all sapropel and non-sapropel samples
Sapropel samples
Average
(11= 127)

Abs. Std.

548
670
1.93
2.60
3.01
3.26
535

276
395
0.99
0.80
0.88
1.05
132

Distinct

Non-sapropel samples

peaks

are frequently observed above sapropel

Average
(11=418)

Abs. Std.

301
308
0.48
2.18

289

of both cores. This could

304

indicate that Ba-enrichments,which are

intervals and

------------------- intervals
Sa
Ba·
S
Fe
Fe·
AI
Mn

manganese

only

2.11
3.96
837

0.57
0.66
0.54
1.14
434

in the

inter-sapropel

also found above sapropels, are in a
manganese

phase.

However,

the

concentration of Ba (200-1500 ppm) in

Sa and Mn in ppm; S. Fe and AI in %. Fe. and Ba. are Fe the
and Ba AI ratios multiplied by average AI.
Mo.

sediment is of the same order as
In addition, Ba peaks occur just a

few millimetres above sapropels, whereas Mo peaks generally occur much further above
these sediments. Consequently, Ba is not associated with a Mo-hydroxide phase.
Therefore, the most probable Ba phase, is barite.
Porewater

Due to the open-air squeezing TABLE 3
method, only the concentrations of Porewater Na and SO 4 analyses of cores GC 17 and GC21
certain major seawater elements are - - - - - - - - - - - - - - - - - - - 
considered reliable. Because it is beyond

GC21

_

GCI7

Depth

Na

S

Depth

Na

S

0.10
0.66
0.98
1.31
1.65
1.91
2.15
2.52
3.12
3.52
3.97

4180
4037
4065
3921
3953
4125
4349
4133
3988
3866
3863

100.7
94.5
91.7
87.6
88.1
85.3
87.4
74.7
64.2
59.1
55.6

0.20
0.56
0.80
1.30
1.84
2.15
2.48
2.91
3.54

538
549
512
508
510
489
524
520
522

35.1
31.7
30.3
29.2
30.1
29.1
30.3
31.9
33.2

the scope of this paper to unravel the (m)
(mmol/I) (mmol/I)
(m)
(mmol/I) (mmol/I)
complete pore-water chemistry, only Na - - - - - - - - - - - - - - - - - - - 
and sulphate are discussed here.
In both cores, Na is constant
with depth (Table 3). However, the Na
concentration in the pore-water of core
GC21 equals that found in the overlying
brine (De Lange et aI.,

1990). In

contrast, the concentration of Na in core
GC 17 is almost identical as found in
Mediterranean seawater.
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The sulphate concentration found in the top of core GC21 is identical to that
found in the overlying brine (De Lange et aI., 1990) and gradually decreases with depth
(Table 2). The concentration in core GC 17 is fairly constant, having similar values to
those in Mediterranean seawater. The sulphate gradient in core GC21 is probably caused
by the relatively recent infiltration of brine. Such a diffusion profile is likely to be visible
much longer for SO. than for Na, because the diffusion coefficient of SO. is smaller than
that of Na (Li and Gregory, 1974).
DISCUSSION

Deep-sea pore-water is supersaturated or close to saturation with respect to barite. The
chemistry of Ba in sediments is therefore largely governed by the solubility of that
mineral (Church and Wolgemuth, 1972; Michard et aI., 1974; Church, 1979). In situ barite
precipitation could occur through a slight increase in the Ba or sulphate concentration of
the porewater. The higher salinity (hence sulphate concentration) for the eastern
Mediterranean Sea (8=38 %0) compared with 'normal' deep sea salinity (8=35 %0) will
certainly promote the possible precipitation of barite in these sediments.
On the basis of the differing distributions of Ba for each sapropel, we propose three
different diagenetic stages: I) during deposition of the sapropel, 2) directly following the
formation of the sapropel and 3) after burial of the sapropel.
(1) During deposition of the sapropel

Because of a high initial labile organic matter content (high productivity) and/or
a low initial oxygen content (stagnant bottom water) redox conditions during the
formation of a sapropel are very different from those occurring during inter-sapropel
periods. Consequently, the labile organic matter is decomposed mainly by sulphate
reduction, as oxygen, nitrate, iron and manganese hydroxides are rapidly exhausted. The
hydrogen sulphide produced by microbial sulphate reduction will react with reactive iron
compounds to form ironsulphides.
Microbial sulphate reduction can lead to undersaturation with respect to barite
and as a consequence Ba mobilization could occur (Brumsack and Gieskes, 1983; Trefry
and Klinkhammer, 1988). Presumably, the 80. released by the dissolving barite will be
continuously consumed; the resulting constant undersaturation will promote continuing
addition of Ba1'- to the porewater, leading to considerable Ba2+ enrichment. Hence, a barite
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precipitation front may form below the sapropel in response to the exchange of Ba-rich
and SO.-poor interstitial water from the sapropel with Ba-poor and SO.-rich interstitial
water from the underlying sediment. The formation of these types of Ba-fronts has indeed
been observed for sediments in the Gulf of California (Brumsack, 1986).
This mechanism is in agreement with the Ba enrichments below sapropel S6 and
S, and below the upper part of Ss in core GC21and within the lower half of Sa in core
GCI7.

(2) Afterfonnation of the sapropel
The change in depositional conditions directly following the deposition of a
sapropel produces a situation at which excess labile matter occurs within the new
established oxygenated layer. The increased supply of oxygen and the limited supply of
labile organic matter result in the downward degradation of sapropelic organic matter and
the oxidation of sulphides formed during the first stage. Oxygen will penetrate downwards
relatively quickly in organic-poor sediments and more slowly in organic-rich sediment.
The formation of such a progressive oxidation front is thought likely to occur in a similar
fashion to that

described in the "bum-down model" by Wilson et ai. (1985). This

diagenetic feature will occur whatever the cause of sapropel formation is and is
irrespective of the type of change (rapid or gradual) occurring at the end of stage I (cf.
De Lange et ai., 1989). The effects of bum-down in organic rich sediments are best
observed by the redox sensitive elements iron and manganese. If sufficient time elapses
before deposition of the next sapropel and the post-sapropel sedimentation rate is low, this
could cause the formation of enhanced iron and manganese concentrations above sapropels
due to diffusion of dissolved iron and manganese to the oxygen boundary and subsequent
oxidation (Froelich et ai., 1979; Wilson et ai., 1986; De Lange et ai., 1989; Pruysers et

ai., 1991).
During bum-down not only organic matter, but also reduced forms of sulphur
are oxidized. The oxidation of sulphide is expected to cause an increase in the
concentration of sulphate in the porewater ("excess" sulphate) as is observed by several
investigators (e.g., Goldhaber and Kaplan, 1980; Lord and Church, 1983). Moreover, after
deposition of the sapropel the porewater sulphate profile is re-established by diffusion of
sulphate from the bottom water in the sediment at a rate that is possible faster than the
prograding oxidation front.
The replenishment of the previously depleted SUlphate could result in
supersaturation of the porewater with respect to barite and as a consequence barite
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precipitation would occur near the upper boundary of the sapropel. Precipitation due to a
small increase of the sulphate concentration just above or in the upper part of the
sapropels is enhanced by the fact that interstitial Ba, liberated in stage I, is high in the
realm of the sapropel. The enrichments above and at the top of sapropels S\, S4' Ss' S7 and
S8 in core GC 17 and S6 and S7 in core GC2 I could be explained by the latter process.

During the deposition of laminated sapropels (Ss and SJ anoxic conditions
probably alternated with oxic conditions. Consequently, sulphides formed in the anoxic
period are exposed to oxidation in the oxic period. The sUlphate that is produced in the
oxic period will induce the precipitation of barite. Therefore, barite alternates with
sulphidic-rich laminations in these sapropels.
The anti-pathetic relation between Ba and S in the sapropels does not hold for
the lower part of sapropel Ss in either core. The gap between the lower and the upper part
of Ss was not large enough to permit oxidation of the lower half. Bum-down of the lower
part of Ss probably did not occur and barite was not precipitated. Dissolution and
diffusion of Ba, as described in stage I, probably lowered the initial Ba concentration in
the lower half of Ss but did not completely dissolve all Ba, leaving a relatively low Ba
enrichment.

26

Diagenetic mobilization of barium
Bum-down of sapropel S4 probably caused the iron enrichment above the
sulphur peak (Fig. 2b). This relict sapropel has endured a longer bum-down or had a
lower initial labile organic carbon and sulphur content than the other sapropels. The
different nature of this sapropel was also noticed by Pruysers et a1. (1991). As oxidation
continued, most labile organic matter was decomposed and some Fe-sulphides were
dissolved, causing the sediment to change colour from black to green. The mobilized iron
was precipitated at the paleo-oxidation front and caused the out-of-phase Fe emichment in
sapropel S4' Barium shows no emichment at all in this relict sapropel, although persistent
oxidation caused a broad peak above this sapropel.
(3) After burial of the sapropel

Upon burial the sediment may pass into less oxidizing conditions again and
consequently may become re-reduced (Ten Haven et al., 1988; De Lange et al., 1989).
Pore-water analyses reveal that sulphate concentrations are constant with depth in core
GC 17 but slowly decrease in core GC21. This decrease is probably due to diffusion of
brine into the sediment. Moreover, absence of a sulphide smell confirms that at present no
sulphate reduction occurs in that interval, Le. sediment redox conditions have changed to
suboxic (Berner, 1981). Iron and manganese hydroxides could consequently dissolve,
diffuse and be redeposited at a new redox front. Some Mn emichments could be preserved
due to sorption of Mn 2+ on calcite in the carbonate-rich (35-70% CaCOJ sediment. The
enrichments of Mn found above most sapropels in core GC 17 and GC21 are probably the
products of this process and could represent relict Mn oxyhydroxides formed in stage 2.
Iron does not have this affinity with calcite and consequently previously formed iron
emichments are not preserved.
In the absence of sulphate reduction, previously formed barite is preserved upon
burial. The high preservation potential of barite layers is further confirmed by the presence
of (diagenetic) Ba deposits found in older sediments and shales (pepper et al., 1985; Clark
and Mosier, 1989). Barium emichments just above and/or below sapropels and
proto-sapropels of the Mediterranean Pliocene have been found (Van Os, unpublished
data). In addition, Clark and Mosier (1989) suggest that barite found in Devonian shales
was formed through diagenesis in unconsolidated sediment.
Core GC21 represents a special case because of the high porewater salinity
established after the formation of the Bannock brine. The preservation of barite layers is
probably enhanced by the higher sulphate concentration in the brine. For core GCl7 pore
water data reveal no influence of the brine.
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SUMMARY
The high resolution sampling used in this study has allowed us to investigate diagenetic
processes on a millimetre scale, although a lower resolution may have revealed that the
distribution of Ba might well have been found to correlate with COlI and sulphur in the
sediment as has been observed in other studies (Calvert, 1983; Sutherland el al.,

1984~

Klinkhammer and Lambert, 1989). Diagenetically induced barite precipitation would imply
however that a Ba signal, caused by enhanced primary production or by salinity
excursions, could disappear, become fainter or subordinate to diagenetic Ba enrichments
within the sapropel as is demonstrated in this study. Relocation and precipitation of Ba
during diagenesis does not contradict the mechanisms postulated for sapropel formation
but our model implies that caution is needed when applying Ba strictly as a productivity
indicator.
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ABSTRACT
A detailed paleomagnetic and geochemical study of the upper Cochiti (N-R) reversal
recorded in marine marls on southern Sicily shows two consecutive and very rapid transitions (R
Nand N-R) that coincide with distinct lithological boundaries. A 'Fe-migration model' is
presented in which magnetite is formed under different diagenetic conditions. During sulphate
reduction originaIly formed ('primary') magnetite is preserved. This primary magnetite has
recorded the pre-transitional normal polarity. After burial, migration of ferrous iron occurs and
subsequent oxidation produces 'secondary magnetite' that records the post-transitional reversed
polarity and produces the two apparent transitions. In addition, low (LT) and high (HT)
temperature components record the reversal in a slightly different way, the HT component being
acquired with a delay. Probably, both components reside in magnetite but have a different origin
and grain-size distribution, giving different blocking temperature spectra. The actual upper Cochiti
reversal occurs at a level with an estimated astronomicaIly calibrated age of 4.165 Ma.
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I.

INTRODUCTION

In recent years, an increasing number of detailed records of geomagnetic polarity
reversals have been published and they have provided important information on the characteristics
of polarity reversals. The majority of these records have been obtained from sedimentary
sequences because of their abundance relative to lava sequences and their advantages of
appropriate time control and continuous registration of the geomagnetic signal. However, there
is reason for considerable caution in interpreting reversal records from relatively slowly deposited
sediments. Not only because of evidence from volcanic records which often show quite different
transitional field behaviour, but also because many aspects of the mechanism of remanence
acquisition in sediments are still poorly known. Indeed, recently it could be shown that a high
temperature magnetite component - in two examples of marine sedimentary reversal records from
Sicily - has a delayed remanence acquisition with respect to a low temperature component and
probably does not reflect the true geomagnetic field during the reversal [1]. The magnetic
minerals are unlikely to be detrital because the changes in direction take place at distinct
lithological boundaries in the sediment. Hence, the mechanism for the delay as suggested by
Tucker

[2~3]

is invalid in the sediments under study. Van Hoof and Langereis [1] suggested that
the magnetic minerals canying the
components were authigenically formed
under different and cyclically fluctuating
paleoredox conditions. Most likely, early
diagenetic processes play an important
role

in

the

complex

remanence

acquisition mechanism.
To
understanding

contribute
of

this

to

our

mechanism,

additional and detailed rock magnetic and
geochemical investigations are clearly
Ji'lpR 1. Location of the Punta di Maim section in Southern
Sicily Otaly).

needed. To this end, the study of reversal
records is particularly useful because the
(rapid) change of the geomagnetic field to
an
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opportunity to get temporal constraints on the delay of the remanence acquisition. Our current
research concerns the reversals records - from the lower Thvera to the GausslMatuyama boundary
- that are located in the Rossello composite section, which consists of the marine marls from the
Trubi and the Narbone fonnation [4;5]. These sediments show a distinct cyclicity in both CaC03
content and weathering (induration) profile, a cyclicity which is related to the precessional cycle
of the Earth's orbit [4;6].
In this paper, we present the paleomagnetic, rock magnetic and geochemical results of

the upper Cochiti (UC) polarity reversal, sampled in the Punta di Maiata section on Southern
Sicily (fig. 1). In addition, we have sampled two subsequent precessional cycles in order to
investigate the magnetic and geochemical changes due to a cyclically changing environment
outside the transition. Finally, since the remanence is not simply of detrital origin, we introduce
a model that accounts for the acquisition of the remanence during early diagenesis. In this model,
the changes in the directions of the remanence are thought to be caused by changes in paleoredox
conditions in the sediment, as derived from the geochemical and rock magnetic data.
2.

Geological setting and sampling

Punta di Maiata is a small prominent cape in a series of cliffs along the south coast of
Sicily (fig. I). The Punta di Maiata section fonns the middle part of the Rossello composite
section [4;5] and consists of marine marls of the Pliocene Trubi fonnation; the bedding plane has
a strike and dip of 354'Nand 13° E. The average sedimentation rate in this section can accurately
be detennined and proves to be remarkably constant: 4.5 to 5.5 cmlkyr. The Trubi marls consist
mainly of carbonates (60 to 80% CaCOJ and a mixture of clay minerals, and they show a
pronounced rhythmic bedding which is characteristic for this fonnation on Sicily (fig. 2). Small
scale sedimentary cycles are quadripartite and show a distinct grey-white(I)-beige-white(2) colour
layering [4]. The average thickness of these cycles - in which the grey and beige marls represent
the less indurated, CaC03-poor beds - is approximately I metre. The (midpoints ot) individual
grey layers have been correlated to individual minima of the precession index [7], providing a
high resolution astronomical polarity time scale [8]. Larger scale sedimentary cycles can be
distinguished on the basis of the cyclic recurrence of relatively thick and/or indurated marly
intervals in the succession [4;6]; they can be correlated to the eccentricity cycle with periods of
100 and 400 kyr [8]. Although the weathering profile shows quite sharp changes in colour and
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induration, the changes in the fresh, unweathered
sediment are much more gradual. Often, the bottom

300

part of the white CI ) layers shows brown oxidation
spots, even in the freshest possible marls. These
spots appear to be important with respect to both
paleomagnetic and geochemical properties, as will
be discussed later.

250

E

(,) 200

c
CII

The samples were taken on the basis of the
magnetostratigraphy of the Punta di Maiata section

~ 150

.2

-g,

[5]. The section contains the upper Sidufjall reversal

~

boundary, the Nunivak and Cochiti subchronozones

~

and the Gilbert-Gauss reversal boundary. The
stratigraphic interval in which the original upper
Cochiti reversal was found, was sampled in detail
over a stratigraphic length of 120 em. The two
additional quadruplets were sampled over an interval
of 220 em. The record comprises the complete
cycles 50, 51 and 52 (fig. 2); [8]. The O-level was
defined at the boundary between the grey layer and
the first white layer of cycle 50 (fig. 2). Hence, the
entire stratigraphic interval sampled ranges from -40
to 80 em for the upper Cochiti reversal record, and
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10. 5 81

FIe- 2. Susceptibility and lithology of the upper
Cochiti (UC) record. Small scale sedimentary cycles
are quadripartite and consist each of grey(black) 
white(white) - beige(shaded) - white(white) coloured
marls. Cycle numbers are according to Hilgen (1987;
1991) and are denoted just left of the grey layer.
Clear maxima ofsusceptibility are found in the beige
layers. probably due to the higher clay content and
the corresponding higher paramagnetic contribution.

from 80 to 300 em for the two additional
quadruplets. Due to the topography of the chosen sampling locality it was not possible to take
samples below -40 em. Furthermore, the lowermost part (-40 to 0 em) consisted of fresh and
clearly unweathered sediment, but - despite our efforts to remove the weathered surface - in the
middle and upper part the sampling of slightly weathered intervals could not always be avoided.
Especially in the white layers - with the exception of white('2) of cycle 49 - the sediment kept its
weathering colour, whereas in the beige layers the original light-blue colour of the marls could
mostly be reached.
Sampling was done by taking oriented cores of 25 rom diameter more or less parallel
to the bedding plane at very close intervals «1 em), from a freshly cut near-vertical plane. In the
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laboratory, cores were cut into standard specimens of 22 rom height. The stratigraphic position
of each specimen was accurately determined by taking into account the drilling orientation, strike
and dip of the bedding plane and width of the saw cut.
For geochemical studies, the samples were cleaned by carefully scraping about I rom
from the surface, followed by grinding and homogenising the sample in an agate mortar. For
determination of major and trace element concentrations, 250 mg split of each sample was
digested in a HCLO/HFIHNO) mixture. After digestion, the final solutions were made up in 50
ml IN HCI. Analyses of the total element concentrations of AI, Ti, Mn, Ca, S, Zr and Fe were
done with an ARL34000 ICP emission spectrometer. Carbonate content was calculated from the
total Ca concentrations, with a correction of 2% for non-carbonate Ca: CaCO) = (CalotBl - 2)· 2.5.
The accuracy and precision of the analysis was monitored by replicate analyses of international
and laboratory standards and was found to be better than 2% for the major elements AI, Fe, AI,

Mn, Ca and better than 3% for the elements S, Zr, Ti.
3.

Rock magnetic and chemical properties
The cyclicity in the Trubi marls is related to the precessional cycle which causes changes

in climate - by variations in seasonal contrasts - and thus in the concentration and nature of
terrigeneous (clay and other minerals) and biogenic (carbonate) material supplied to the sea bed.
The rock magnetism of the Trubi marls in general have been extensively studied by van Velzen
and Zijderveld [9;10]. They found magnetites to be the most important carrier of the natural
remanent magnetisation (NRM); small amounts of hematite may be present but it is unlikely that
this mineral contributes to the remanence. In addition, some goethite is found in these sediments
[9;10;11]. In order to distinguish magnetic changes caused by geomagnetic variations from those
caused by lithological variations and early diagenetic processes, a number of geochemical and
rock magnetic properties of the sediment have been determined. The rock magnetic properties
concern the initial susceptibility (X.,), remanent saturation magnetisation (1,.), the remanent
coercive force (Her) and their interparametric ratios.

3.1

Rock magnetic results
Xo is strongly concentration dependent, and it also depends on the grain size and type
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of magnetic mineral. The Xo of the three precessional cycles (fig. 2) is not significantly higher
in grey than in white, but it shows prominent maxima in the beige layers.
IRM acquisition curves of a number of samples from different lithologies in the DC
reversal were determined (fig. 3a,b). Samples from the white and grey layers are almost (92 
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FlIUI'! 3. IRM acquisition curves and susbsequent thermal demagnetization ofthe saturation IRM for different lithologies
from the UC reversal record. Grey. white and beige layers are denoted by solid, dotted and dashed lines, respectively. Grey
and white layers reach (abnost) saturation at 200-300 mT. whereas beige layers are not even totally saturated in the highest
fields.

96%) saturated after application of a 300 mT field, and are fully saturated after application of a
400-500 mT field. Samples from the beige layers are only saturated after application of the
highest fields (1.5 to 2.0 T) because of the presence of some additional high coercivity mineral,
like goethitelhematite. Subsequent thermal demagnetisation of the In (fig. 3c) does support the
presence of some goethite in the beige layer: the decay of the saturation remanence at 100-120°C
- the maximum unblocking temperature of goethite - is slightly larger for the beige layers than
for the grey and white layers. More significant, however, is the decrease of the intensity at 135 
155°C, which is probably caused by the reduction of stress in superficially maghemitised SD
magnetite grains [10]. The observed maximum blocking temperatures support the presence of
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magnetite as the dominating magnetic mineral.
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FIe- 4. Rock magnetic properties for the UC reversal record, involving susceptibility saturation remanence Jrs, their
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The I n decreases with increasing grain size but - like the susceptibility - is not a good
grain size indicator, but depends mainly on the concentration and type of the magnetic material.
The J,/Xo ratio, however, may eliminate - if only one magnetic mineral is dominant - the
concentration dependence of I n and Xo' In the case of magnetite the ratio increases with
decreasing grain size. The J,/Xo values in the grey and white layers (15-25 kA/m; fig. 4) support
magnetite but the ratio is lower in the beige layer (10-15 kA/m).
The remanent coercive force Her is largely independent of the concentration of magnetic
material and can therefore be used to discriminate between different magnetic minerals. Her values
are generally 50-70 mT which is somewhat high for fine grained magnetite [12;13]. The Her
values are significantly lower for stratigraphic levels between -30 and -15 em, i.e. in white(2) and
the lower part of the grey layer, and highest from -10 to 0 and from 40 to 60 em. Her values tend
to increase if some weathering has occurred, which may explain the higher values between 40 and
60 em, but this cannot explain the high values in the upper part of the grey layer, which showed
very fresh sediment during sampling. Further, the relatively low Her values in the beige layer give
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no clear indication for a high coercivity mineral, as could be deduced from the IRM acquisition
curves (fig. 3). Apparently, the contribution of magnetite (85-95% in fig. 3) strongly dominates
the remanent coercive force.
The H.,I(JJXJ ratio may give useful information on both magnetic mineralogy and grain
size. The values for this ratio (generally 2 - 2.5, but higher in beige: >3) are somewhat high for
fine grained magnetites. The deflection of the H.I(JJXJ and the JJXo ratios from the values for
fine grained magnetites is probably not due to a significant change in magnetic minerals, but
rather to a change in the concentration of clay minerals. The paramagnetic contribution of the clay
minerals in Xo is some tens of percents with maxima in the beige layers [11]. A correction for
this paramagnetic contribution of the H.,I(JJXJ and the JJXo values will change these ratios into
values more - but not entirely - compatible with fine grained magnetites. Likely, changes in
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magnetomineralogy occur that are related to the different (beige) lithology, but these changes
remain largely unnoticed due to the paramagnetic dominance.
3.2

Geochemical results

Relatively high concentrations of carbonate (65-70%) are found in the white layers,
intermediate values in the grey layers (60-65%) and low values in the beige layers (55%) (figure
5). The white(l) beds have slightly higher carbonate values than the white(2) layers.
Mainly due to the high Ca-carbonate content of the sediment, the concentrations of all
major elements show a negative relation with Ca concentrations (closure effect) (figure 5). We
have assumed a more or less constant non-carbonate input, as is suggested by rather constant
Zr/AJ and TiiAI ratios - although the Ii/AI ratio seems to be slightly higher in the beige layers
(fig. 5). Therefore, all concentrations were divided by the AI-content of the samples, in order to
compensate for carbonate dilution.
The grey layers show some sulphur spikes of 0.2 - 0.5% (fig. 5), and some sulphur is
found in the lowermost part of the record. Everywhere else, the concentration of sulphur is below
the detection limit. Although some weathering has occurred, these sulphur enrichments are
probably relict Fe-sulphides, as is indicated by coinciding iron peaks; Fe-sulphides are
authigenically formed during sulphate reduction shortly after deposition [14]. The highest sulphur
content is found in the grey layer of cycle 50 (0.5%). This suggests that within this cycle
diagenetic circumstances were the most reducing during the formation of the grey layer, rather
than during the formation of the white and beige layers. The same may apply to the grey layers
of other cycles. The increased sub aerial weathering in the middle and upper part of the record,
as was observed during sampling, however, has very likely resulted in the oxidation of most
sulphides in the grey layers of cycles 51 and 52, causing the lower observed sulphur
concentrations.
Manganese is a good indicator for paleoredox conditions [15]. Manganese concentrations
are generally low and display values of 600-800 ppm in the grey and beige layers that have a low
to moderate carbonate content, but may go up to 1600 ppm in the carbonate-rich white(!) layers.
The general distribution of Mn seems closely related to the carbonate content and may well be
determined by manganese adsorption and subsequent overgrowth on calcite surfaces [16,17,18].
This correlation is clearly demonstrated by the relative constant MnlCa ratio, but the white(l)
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layers display a large enrichment of Mn over Ca. The higher MnICa ratio in the white(l) layers
compared with the white(2) layers (fig. 5) suggests that more dissolved manganese was available
during or after the formation of the white

(I)

layers.

The organic carbon content has not been measured in these samples. In a series of quadruplets
from the same Punta Maiata section, values were found to vary between 0.05% and 0.25% [19].
The organic carbon content is highest in the grey, intermediate in the white and lowest in the
beige layers. At younger stratigraphic levels in the Trubi formation, the grey layers are laminated
and they are often developed into diatomitic or sapropelitic layers [4], typical for a higher organic
carbon content.
The differences in lithology - and thus in chemical composition and magnetic mineral content of
each layer - are reflected in the geochemical and rock magnetic parameters. Initial susceptibility
values are higher in the beige layers, which can be explained by the higher concentrations of Fe
and, possibly, higher concentrations of Ti (figs. 4, 5). The higher Fe-content - even when
corrected for Al - may be caused by an increase of (Fe-containing) clay minerals, rather than to
a higher concentration of(ferri)magnetic minerals [20]. Similarly, the higher Ti-concentration may
reside in Ti-magnetites (or Ti-maghemites) - also causing a higher susceptibility - although.from
the rock magnetic properties no clear evidence for Ti-magnetites is found. Any existing Ti
magnetites may be masked, however, and not contribute to the remanence: large grained Ti
magnetite was found in magnetic concentrates of the Calabrian (southern Italy) Trubi formation
and was shown not to carry any noticeable remanence [21]. In addition, other mineral phases,
such as rutile and ilmenite, dominate the Ti concentration.
This enrichment in iron-rich minerals strongly influences the rock magnetic properties which are
directly related to the concentration of magnetic minerals, like Xo and J... It should further be
realised that these properties - although showing a linear relation with concentration - are also
influenced by changes in grain size and crystallinity of the magnetic minerals.
4.

NRM components

4.1

Demagnetisation

Thermal demagnetisation of the natural remanent magnetisation (fig. 6) generally shows
the presence of three components, as usually found in these Trubi marls [5; I)]. Apart from a
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small laboratory induced component removed at 90-100 °C having an orientation related to
storage, there is often a first component that has a present-day field direction and is removed at
200-250 °C. It is clearly of secondary origin and must be due to weathering, since this component
does not occur in the lowermost and least weathered part of the record (fig. 6a).
A characteristic remanence is generally removed at higher temperatures and consists of
two components. A low temperature (L T) component is removed between 250°C and 360 - 450
°C. In some samples, the direction of the remanence starts to fluctuate at temperatures higher than
390°C (fig. 6h). These fluctuations are due to viscous behaviour, likely caused by the production
of superparamagnetic magnetite grains during heating through oxidation of pyrite [10]. Although
in most of the record sulphur is below the detection limit, trace amounts of pyrite are probably
sufficient to produce a (magnetically) detectable amount of magnetite. A high temperature (HT)
phase is usually removed at 580°C and occasionally at somewhat higher temperatures (610

0q.

The HT component is most probably carried by single domain magnetite [9]. The LT and HT
components have both - where possible - been determined for every sample. Poorly determined
directions as a result of very low intensities and/or scatter have not been plotted in figure 8.
The demagnetisation diagrams further show the same clockwise rotation as observed in
the other Trubi sections on Sicily [5;22]. The characteristic remanence directions are marked by
consistently shallower inclinations than the geocentric axial dipole field for southern Sicily, likely
caused by sediment compaction [23;24].
Blocking temperature spectra for the different lithologies have been determined
throughout the section (fig. 7). They show a similar trend for all lithologies in that the NRM
decreases most rapidly between 510 and 600°C. The decay curves clearly indicate the presence
of magnetite which is probably slightly cation deficient considering the maximum unblocking
temperatures that are higher than 580 °C [21 ;25;26]. In general, the beige layers show appreciably
lower NRM intensities, in agreement with the rock magnetic and geochemical data.

4.2 The reversal record
The directions of the LT and HT components for the upper Cochiti record are shown in
figure 8. For the earlier magnetostratigraphic study of the Punta di Maiata section [5], most
samples were taken in the grey and beige layers. The reversal, therefore, was thought to occur
between the grey and beige layer of cycle 50. It now appears, however, to be a more complex
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reversal showing reversed directions in the white(2) layer of cycle 49. The mean directions for the
reversed and normal intervals are

below -27.5 cm
reversed
normal -24.1 to -4.4 cm
reversed
above 26.3 cm

N

dec

7

214.1
29.7
213.8

31
78

inc
-39.2
54.8
-41.3

a95 Rsum
9.8
6.847
3.9
30.591
2.3
76.382

where N is the nwnber of samples, dec, inc are declination, inclination,

1Xg,

represents the cone

of confidence at the 95% level, and Rsum is the vectorial sum of N unit vectors. The mean
declinations are essentially the same as the general 35° clockwise rotation of the Caltanisetta
basin [22].
The first (R - N) transition is
characterised by an instantaneous polarity
change of the HT component at -25 cm,
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directions. After this sharp transition, the HT component shows a 'normal excursion', especially
in inclination. Alternatively, one could interpret the sudden change to reversed polarity as a short
'reversed excursion' (between -5 and 5 cm), only just before a more gradual change from normal
to reversed, say from 5 to 15 em. Remarkably, this 'reversed excursion coincides exactly with the
peak in Fe- and MnlCa (fig. 5); the latter ratio is a good paleoredox indicator as mentioned
above.
The LT component changes polarity at distinctly higher levels, approximately between
30 and 35 cm, and coinciding with a relatively small but significant peak in MnlCa (fig. 5). The
relatively small directional changes in the HT component above 26 cm are compatible with
secular variation changes smoothed by sedimentary remanence acquisition, and are similar to
those observed in the upper Kaena reversal record [20].
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5.

Discussion
The initial location of the reversal was based on the magnetostratigraphy of the Punta

di Maiata section [5], for which samples were taken mainly from the grey and beige layers.
Hence, the reversed polarities in white(2) of cycle 49 were then not observed. Since the beige layer
of cycle 49 shows normal polarities [5], this implies that there must be yet another (N-R)
transition, recorded somewhere near the transition of beige to white(2) in cycle 49.
It is clear that the recorded transitions are not caused by a rebound or excursion related

to the UC reversal, but are more likely caused by early diagenetic conditions that vary with the
lithology. Therefore, interpretation in terms of timing and duration of the two recorded transitions
(while a third transition must occur below) is not meaningful. Early diagenetic changes cause one
and the same reversal to be recorded several times, via a delayed acquisition mechanism [I]. In
addition, the coincidence of two extremely rapid reversals that occur exactly at distinct
lithological or geochemical boundaries - apparently related to paleoredox boundaries - makes any
interpretation in terms of geomagnetic field behaviour improbable. The assertion that sediments
have a resolution determined by the most rapid changes recorded [27] is therefore not generally
valid, even though the sediment may have no visible (lithological) boundaries. We thus emphasise
the need for additional and detailed lithological (and rock magnetic, geochemical) information in
reversal records. Because of the very rapid changes of the magnetic remanence no intermediate
directions are recorded and therefore we refrain from presenting VGP paths. It is more useful to
discuss the paleoredox conditions and corresponding diagenetic changes that may have caused
the observations.
5.1

Diagenetic changes during deposition

The alternating sequence of beige (carbonate poor with iron (hydro)oxides), white
(carbonate rich) and grey layers (richer in organic matter than beige and white, and containing
sulphides, fig. 5) suggests that the diagenetic conditions changed from oxic via suboxic to anoxic
for the respective layers [28;29]. The differences in diagenetic stages are caused by different
amounts of reactive organic matter in each layer, i.e. a higher amount of organic matter will lead
to an enhanced consumption of oxidants used for the degradation of organic matter. After oxygen
is depleted, nitrate, manganese-oxides, iron hydroxides and finally sulphate will be used
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respectively as electron-acceptors [29;30].
Bacterially mediated magnetite formation has reported to occur under oxic and suboxic
conditions [31], whereas anoxic conditions inhibit bacterially mediated magnetite formation due
to substrate competition with sulphate reducing bacteria. This implies that during the deposition
of the white and beige layers magnetite formation continued, while during the deposition of the
grey layer magnetite formation was inhibited in the anoxic part of the sediment. The unlaminated
appearance of the grey layer suggest that conditions were not fully anoxic during deposition.
Therefore, sulphate reduction occurred not at the top of the sediment. Above the zone of sulphate
reduction, iron hydroxides, manganese oxides, nitrate and even oxygen may have been used as
oxidants for the decomposition of organic matter and thus suboxic conditions may have developed
during the deposition of the grey layer, causing the formation of magnetite (at time t= 1 in figure
9).
During burial, magnetite dissolution may occur in the sulphate reduction zone [32]. But
because of the higher reactivity towards HS' from respectively dissolved iron, amorphous and
poorly crystalline iron - like lepidocrocite, goethite and hematite - magnetite may persist in this
zone. Magnetite is only attacked after all other iron-oxide phases are "titrated" with HS' [33;34].
In addition, magnetite is resistant to microbial iron reduction [35;36]. Evidently, the IRM
acquisition, as well as the IRM and NRM thermal decay curves imply the presence of magnetite
and thus its preservation during sulphate reduction (figs. 3, 7).
Magnetic minerals that could form during sulphate reduction are greigite and pyrrhotite
[37]. However, greigite and pyrrhotite would normally not survive oxidation, for example because
of sub aerial weathering. The formation of greigite and pyrrhotite has been reported to occur
mainly in a low sulphate environment, and thus they are mainly found in fresh and brackish water
sediments [38]. Moreover, greigite and pyrrhotite are not found in recent anoxic basins [39,55].
Conclusively, chemical and rock magnetic results indicate that magnetite is the main carrier of
the magnetic signal and that it is not significantly dissolved during sulphate reduction in these
sediments.

5.2

Processes after deposition
Shortly after deposition of a grey anoxic layer (at time t=2 in figure 9), the organic

carbon flux diminishes and sulphate reduction ceases. As a result, the dissolution of magnetite
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by HS· will also stop. This situation will cause a surplus of oxygen over the reductive species in
the subsequently deposited organic-poor beige and white layers. Reductive species in these layers
(organic matter and possibly sulphides) will be oxidised and the oxidation front will move down
relative to the sediment-water interface. This formation of a progressive oxidation front is similar
to that described in the "burn-down" model developed by Wilson et al. [40] and is best marked
by the redox-sensitive elements Fe and Mn. Diffusion of dissolved Fe and Mn from the reduced
zone towards the oxygen boundary can cause the formation of iron and manganese enrichments 
amorphous Fe and Mn (hydr)oxides - at the top of the reduced layer [41;42;43]. The iron
enrichments found above the grey layers in the bottom part of the white(l) layers (Fig. 5) are
clearly the result of this process.
The oxidation-front can penetrate only slowly into the grey layer as this contains high
levels of organic carbon and of sulphides. In addition. the oxidation of pyrite by still available
ferric iron in the grey layer will increase the upward flux of Fe2+. This occurs following the
reaction [44;45]:
FeSz + 14Fe3+ + 8Hp --> 15Fe 2+ +2S0/" + 16H+

(I)

This additional supply of reduced species will hamper the descent of the oxidation front
and will enhance the iron enrichment at the top of the grey layer and in the superimposed white(l)
layer.
5.3

Processes after burial

After deposition of the white and the beige layer on top of the grey layer. a new cycle
begins with the deposition of a new white(l) and a grey layer (at time t=3 in figure 9). An
increased flux of organic matter during the formation of the new grey layer will merely stop the
downward diffusion of oxygen. Subsequently. below the newly deposited grey layer oxygen will
become rapidly exhausted. However. the low content of organic matter in the beige and white
layers between the new and the buried grey layer will not support sulphate reduction. The
diagenetic stage between sulphate and Mn reduction coinciding with a low reactive organic
carbon content is called post-oxic following the classification of Bemer [39] and can be compared
with suboxic conditions [30;40].
In the buried grey layer pyrite oxidation probably continues. although oxygen is

exhausted. The remaining ferric iron in this buried grey layer (iron hydroxides) enhances the
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oxidation of pyrite, providing a continuous source of Fe2+.
Karlin [46] found that magnetite is fonned under suboxic conditions between the nitrate
and iron reduction zone. Bacterially mediated magnetite fonnation can occur under such
conditions [36;47]. Dissimilatory iron-reducing micro-organisms can fonn magnetite provided that
reactive ferric iron is present [36]. Therefore, magnetite fonnation will be especially enhanced
at the very reactive iron enrichment zone fonned during bum-down just above the buried grey
layer (the 'reversed excursion'; see section 4.2), but may also occur to a lesser extent just below
the grey layer. The previously fonned iron hydroxides are an ideal substrate for dissimilatory
micro-organisms to produce magnetite (Fig. 9, t = 3).
Within the buried grey layer itself, sulphate reduction and subsequent pyrite fonnation
have diminished the amount of available reactive iron (see previous section). Obviously,
magnetite fonnation is not supported in the buried grey layer. Magnetite can precipitate directly
in the surrounding white and beige layers following the reaction:
2Fe)+ +Fe2+ +4H 20 --> Fe)04 + 8H+

(II)

or bacterially mediated following:
CHP+ 24Fe(OH») --> 2C02 +54H 20 +8Fe)04

(III)

Magnetite fonnation takes place whenever the organic matter content and the dissolved oxygen
concentration are low and Fe2+ and reactive iron-oxides are available.
The preservation of magnetite is also enhanced by non-steady state (organic-rich versus
organic-poor) diagenesis. As mentioned above, an increasing flux of organic carbon - i.e.
deposition of a new grey layer, - causes an upward shift of the redox front. Such a shift can occur
more rapidly than iron and manganese oxides at the redox front may dissolve. Therefore, these
oxides can survive [46]. Similarly, Finney et a1. [15] found a correlation between the preservation
of manganese oxide peaks and an increased organic carbon flux. However, persisting suboxic
conditions will eventually dissolve all manganese-oxides [43;48;49;50]. Not only the
coprecipitation of Mn with calcite but also the adsorption/recrystalisation of Mn on calcite can
induce the fonnation ofMn enriched crusts [16; 17]. Previously fonned manganese-hydroxides can
consequently be preserved during sub-oxic diagenesis. The peaks in the Mn/Ca observed in the
white(,) layers above the grey layers are the result of this process. The presence of Mn
enrichments in carbonate-rich rocks can indicate a change in environmental regime and thus the
fonnation of magnetite during diagenesis. Straightforward evidence for the preservation of
magnetite is given by the presence of the iron enrichments at the top of the grey layers just below
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t=3

F'lpn! 9. The 'Fe-migration model' with the pore water concentrations vs. depth at the time of deposition: during deposition
of the anoxic grey layer 'primary' magnetite is formed at t = I, and during post-oxic diagenesis upon burial by the white
and beige layers 'secondary' magnetite is formed by migration of Fe" (at t = 2 and t = 3). Primary magnetite causes the
geomagnetic field to be recorded during or very shortly after the initial formation of this magnetite, by growing through
its critical blocking diameter and causing acquisition of a CRM. Upon burial of the grey layer, secondary magnetite is
formed on either side of the grey layer (in the white layers), in the grey layers this depends on its redox circumstances.
If at that moment a polarity reversal occurs, the secondary magnetites will record the new polarity. The presence of already
formed primary magnetite - having recorded the old polarity. competes with the secondary magnetite (dashed polarities).
If secondary magnetite predominates, the resulting direction will reflect the new polarity, in our case reversed. Lithology
as in figure 2.
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the Mn enrichments as is shown by the Fe/AI ratio's (Fig. 5). The interval of -15 to +15 cm is
a classical example of such sequence ofthese redox-mobile elements, indicating their mobilisation
in the grey layer followed by upward flux to the overlying whitelbeige layer [43]. The
preservation of this diagenetic Fe-layer and magnetite indicates that the redox conditions after the
formation of this layer did not reach the iron-reduction stage.

5.4

Implications and conclusions
From our discussion above it follows that magnetite can be formed in different stages

of diagenesis: during deposition primary magnetite is formed (Fig. 9, t = 1) and during suboxic
diagenesis secondary magnetite (Fig. 9; t

= 3). Primary magnetite causes the geomagnetic field

to be recorded during or very shortly after the initial formation of this magnetite, by growing
through its critical blocking diameter and causing acquisition of a chemical remanent
magnetisation (CRM). This process is very similar to that described earlier by Channell et al. [51]
in Italian sections where secondary hematite acquired a delayed remanence due to an authigenic
CRM at some depth below the interface. The depth at which this occurs - presumably in the iron
reduction zone - may vary with lithology but is probably comparable with post-depositional
remanent magnetisation (pDRM) lock-in depths (15-20 cm). In fact, magnetite grains acquiring
a CRM will probably be subject to typical PDRM lock-in depth intervals where CRM carrying
grains are mechanically fixed, mainly through compactional loading [52]. This would imply a
minimum lock-in depth of approximately 15 cm. A maximum lock-in depth, however, depends
on the depth of CRM acquisition which may be well below maximum PDRM lock-in depths.
Indeed, our recent work shows possible depths as much as 80-120 cm [1 ;20].
Upon burial of the grey layer, secondary magnetite is formed on either side of the grey
layer (in the white layers), depending on the amount of reactive iron. If at that moment a polarity
reversal occurs, it will record the new polarity. The presence of already formed primary magnetite
- having recorded the old polarity - competes with the secondary magnetite. If secondary
magnetite predominates, the resulting direction will reflect the new polarity, in our case reversed.
At the same time, intensities are much lower (fig. 8) in the white layers as a consequence of the
vectorial sum of both recorded opposite directions/polarities. Thus besides a lower geomagnetic
field intensity during a transition, the mechanism of opposite directions may also cause lowered
NRM intensities. Further, there is an additional complication represented by the presence of both
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a LT and HT component. As observed earlier [I], there is a difference in acquisition between the
two components, the HT component showing a delay with respect to the LT component. In other
words, the LT component has already locked the old polarity (normal, e.g. between 0 and 25-30
cm), while the minerals carrying the HT component are still being formed and have not yet grown
through their critical blocking diameter. However, also the LT component itself shows a delayed
CRM acquisition, as evidenced by the reversed polarities in the lowermost part of the record (fig.
8). Thus, the LT component may record the ambient polarity before the HT component. but it is
also subject to a 'secondary' formation. Obviously, this yields some information on the magnetic
minerals carrying the LT component. Contrary to our earlier suggestions [I] we find it unlikely
that it is carried by pyrrhotite or some other magnetic iron-sulphide. Firstly. the temperature
trajectory that determines the LT component has much higher blocking temperatures than the
Curie temperature of pyrrhotite (±320 0c) [53]; sometimes it is only totally removed at
temperatures of 510-540 °C (fig. 6). Secondly, detailed rock magnetic studies of the Trubi marls
from Sicily have shown no evidence for pyrrhotite [9; 10J. Also our present geochemical data and
discussion above virtually exclude the existence of pyrrhotite. Therefore, we assume that also the
LT component is residing in magnetite. The different - and varying - blocking temperature spectra
of the LT and HT components probably reflect different grain-size spectra, that in turn reflect
their (authigenic) origin and timing of formation. The earlier lock-in of the LT component argues
for a larger grain-size than that of the HT component. Le. the LT magnetite has grown through
its critical blocking diameter before the HT magnetite. An alternative explanation for the lower
blocking temperatures of the LT component - grain-sizes near the threshold of single domain and
superparamagnetic grains - is unlikely since it would imply partial dissolution of the earlier
locked-in LT magnetite and the simultaneous growth/formation of secondary (HT) magnetite.
Some unexplained details in the record, such as the occurrence of reversed LT directions in the
bottom part of the grey layer leads us to suspect that the actual processes are even more
complicated. Clearly, additional rock magnetic studies attacking this particular problem are
needed.
The sequence of events suggested by our current 'Fe-migration model' - primary
magnetite preserved in the grey layer and fonnation of secondary magnetite especially in the
white() layer - supplies us with a quite accurate location of the actual reversal. The grey layer of
cycle 51 consistently shows reversed polarities, suggesting that at least here the geomagnetic
transition has been completed. We retain as our best and most consistent estimate the level where
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both LT and HT directions consistently show a reversed polarity, i.e. approximately at the 35 cm
level.
In principle, this level gives a more accurate age than the one previously established 4.18
Ma [8J on the basis of the initial magnetostratigraphy [5J. The 35 cm level gives an age of 4.165
Ma, taking into account a Jag 00-4 kyr between precessional forcing and climate response [54J.
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OCCURRENCE OF THIN, METAL-RICH LAYERS IN DEEP
SEA SEDIMENTS: A GEOCHEMICAL
CHARACTERIZATION OF COPPER REMOBILIZATION
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ABSTRACf
Distinctly coloured trace metal enriched fronts with a 6-fold Cu-enrichment occur
in the interbedded pelagic/ turbiditic sediments from the Madeira Abyssal Plain. To

decipher their mode of formation, two sequential extraction techniques, an acid-gradient
and a 'Tessier type' scheme, were applied. Two different front types could be
distinguished: Type I fronts are mostly black and enriched in Co, Zn, Ni and Cu and
associated with the oxidation fronts that developed after deposition of turbidites. Type 2
fronts are purple, extremely enriched in Cu and associated with sulphur. These fronts are
sometimes found in relation with a relict oxidation front but often show no clear relation
with lithology. Two different modes of formation are postulated.
1. The transition-metal enrichment in the type 1 fronts is typical for a manganese
oxide association often found in marine sediments. After the dissolution of manganese
oxide during sub-oxic diagenesis, the transition metals were liberated and subsequently
relocated and precipitated in response to a redox-gradient.
2. The Cu-S association in type 2 fronts is also formed during suboxic diagenesis.
The main process leading to the formation of this Cu-S enrichment is the mobilization of
inherited Cu-sulphur compounds from organic rich turbidites. The accumulation of these
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compounds is possibly related to redox changes at relict oxidation fronts and to gradual,
probably slowly evolving, redox changes that occur at present.
INTRODUCflON
Trace metal behaviour in pelagic deep-sea sediments has received increasing
attention, especially since the discovery of Mn-nodules covering large parts of the deep
sea floor. These investigations show that the flux of metals to the deep sea sediment is
mainly dependent on the organic carbon and particle flux. In the sediment, the distribution
of Mn and associated trace elements is dependent on redox conditions (pEDERSEN et 01.,
1986; SHAW et 01., 1990). Oxidation of organic matter by the subsequent oxidants
oxygen, nitrate, manganese, iron and sulphate determine the sediment chemistry directly
and indirectly. In general, pore water profiles indicate that Cu concentrations are the
highest at the sediment-water interface and rapidly decrease with depth. These profiles are
explained by the degradation of the organic-copper carrier during early diagenesis; this
results in a release of copper into the bottom-water (e.g., HEATH and DYMOND, 1977;
HEIN et 01.,

1979; CALLENDER and BOWSER,

1980; ELDERFIELD,

1981;

KLINKHAMMER et 01., 1982; GRAYBEAL and HEATH, 1984; LYLE et 01., 1984;
PEDERSEN et 01., 1986; HEGGIE et 01., 1987; CHESTER et 01., 1988; SHAWet 01.,
1990 ). Manganese pore-water concentrations often show an increase with depth (e.g.
FROELICH et 01., 1979; DE LANGE, 1986) due to the microbially mediated oxidation of
organic matter by solid phase Mn.
In the past, steady state was assumed for most deep sea sediments. Steady state
conditions develop when sedimentation rate and organic carbon content of the settling
particles remains constant (FROELICH et ai, 1979). However, recent investigations show
that climatically induced variations of organic carbon fluxes (THOMSON et 01., 1984;
PEDERSEN et 01., 1986; FINNEY et 01., 1988; WALLACE et 01., 1988) can cause non
steady state diagenesis in deep-sea sediments. At various depths Mn enrichments were
found, related to variations in redox conditions. Similarly, in basin-plains, mass-flows
from the shelf to the deep-sea can deposit organic (and metal-) rich sediment at deep-sea
sites. Such a sudden deposition of organic-rich material in an "oxic" environment with a
low sedimentation rate initiates a sharp oxidation front as oxygen rich bottomwater
diffuses into the sediment (e.g. WILSON et al., 1985, 1986; DE LANGE, 1986). Elements
mobile under oxidized conditions accumulate below the redox boundary (U,V and Zn)
during the

development of such a progressive oxidation front (JARVIS and HIGGS,

1987; THOMSON et al., 1990; COLLEY and THOMSON, 1990). Iron and manganese,
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Flgwe 1. Map of the Madeira Abyssal Plain and the locations of the cores.

mobilized during anoxic and suboxic conditions, subsequently scavenge Ni and Co and to
a lesser extent Cu. Another result of the emplacement of an organic-rich turbidite is that
the underlying sediment becomes reduced and redistribution of transition metals occurs.
This can result in the formation of reduction haloes and local trace metal enrichments
(HARTMANN, 1979; JARVIS and HIGGS, 1987; THOMSON et aI., 1989).
We investigated Madeira Abyssal Plain (MAP) sediments that are composed of
three different types of turbidites, namely: organic-rich, volcanic and calcareous turbidites
(DE LANGE et aI., 1987). These distal turbidites are very homogenous and fine grained.
By their nature, these remarkably homogenous turbidites are extremely suited to study the
effects of oxidation and the subsequent diagenetic alterations (e:g. WILSON et aI., 1986;
PRAHL et al., 1989; THOMSON et al., 1989). Oxidation of the top of these turbidites
caused drastic colour changes of the sediment, mostly from brown/pale green (oxidized)
to dark-green (reduced) (MIDDELBURG and DE LANGE, 1988). These colour changes
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are often accompanied by black or purple diffusive fronts that are developed above and
below the oxidation front. In addition, some black and purple fronts are found that seem
not to be associated with the brown/green colour transition (JARVIS and HIGGS, 1987).
In this study two sequential extraction techniques were used to investigate the
pathways of the trace metal enrichments in MAP sediments. Special attention is given to
the characterization of two of these coloured fronts that have developed above and below
an oxidation front and one very pronounced front not associated with a colour transition.
MATERIAL AND METHODS
The Madeira Abyssal Plain (MAP) is a typical basin parallel to the continental
margin and enclosed by the African and the Madeira continental rise in the east and
abyssal sea-mounts in the west (Fig. I).
The basin is filled with thick, ponded sediments delivered by distal turbidites
with a thickness ranging from a few centimetres to several meters and an average
carbonate content of 50-60%. Due to the distal and non-turbulent nature (McCAVE and
JONES, 1988) the turbidites are ungraded, homogeneous, fine grained and pertain
predominantly to the "e" division of Bouma's turbidites facies (BOUMA, 1962). The base
is occasionally grading toward the "d" division (WEAVER and KUIJPERS, 1983). Based
on their provenance and composition, three major types of turbidites can be distinguished.
These are organic-rich turbidites, turbidites with a volcanic component and calcareous
turbidites (DE LANGE et al., 1987). The turbidites are intercalated with thin pelagic
intervals that can be correlated by their coccolith distributions over very large distances
(WEAVER and KUIJPERS, 1983; cf. Fig. 2).
Results will be presented from two cores, namely MDIO and PC5. The Stacor
piston core MDIO was collected during the 1985 ESOPE cruise with the RV Marion
Dufresne and is described in detail elsewhere (SCHOTTENHELM et al., 1989). Pistoncore
PC5 was collected during the 1986 RV Tyro cruise. Samples were obtained from the
organic-rich r-turbidite and calcareous '1' turbidite (turbidite codes after WEAVER and
KUIJPERS, 1983).
The samples selected in core PC5 are located in the f- turbidite (135 ky; 50-60%
CaCOJ in the region of a sharp colour change at a depth of 741 cm from pale green at
the top towards dark-green at the bottom. This depth represents the depth of oxygen
diffusion after deposition. The oxygen penetration stopped after the deposition of a new
turbidite and the diagenetic conditions changed to sub-oxic. Due to the development ofthe
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Figure 2& and 2b. Stratigraphic column of core MDIO with expanded I-turbidite and stratigraphic column of
the /-turbidite of core 86PCS.
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progressive oxidation front in the I-turbidite the organic matter content above the colour
boundary is only 0.14%, whereas below the boundary the normal value of 1% COlI is
found (pRAHL et aI., 1989). The samples were collected at a depth of 720-722 em from a
thin laminar diffusive black/purple coloured front located above the paleo-oxidation front
(front 1) and about 6 em below the paleo-oxidation front at a depth of 746-748 em (front
2) (Fig. 3). These fronts are not isolated curiosities observed only in core PC5, but are
found throughout the MAP, often in the region of paleo redox fronts.
The calcareous turbidite I (-300 ky) in core MOlO ( 80-90% CaCOJ

)

is grey at

the top (1925 em below core top) and gradually changes into grey-green at the bottom
(2012 em below core top). The samples were taken from a distinct, intense black/purple
coloured front, located 21 em below the top of the turbidite. The edges of the coloured
front were faint. The purple and black colours of all the fronts were rapidly disappearing
on exposure to air.
On board ship, the I-turbidite samples were taken as soon as possible after
recovery of the core PC5 with a bone spatula from the selected purple and black coloured
fronts at mm scale intervals. For the samples of the I-turbidite in core MOlO, samples
were taken within a few months after recovery of the core. The core was always stored at
4°C, within hermetically closed D-tubes. After opening of the D-tubes and removing of
10-15 mm from the surface, the front was clearly visible and was subsequently sampled.
All samples were transferred into snap-cups that were closed under a nitrogen atmosphere
and stored at -20°C.
First we applied a modified "Tessier-type" extraction scheme. This extraction
scheme

attempts

to

distinguish

between

the

main

mineralogical

phases

(adsorbedlporewater, carbonate, easy reducible iron/manganese oxides, iron oxides, pyrite
and organic matter, residual and silicates) in the sediment. Our results of the I-turbidite
indicated (see results section) that the diffusive colour band mainly showed increases in
Cu and S, released during the first extraction steps. Therefore, for analyses of the
I-turbidite samples of the in core MO lOwe applied a more sensitive extraction scheme.
This scheme was adapted from SUESS (1979) and MIDDELBURG (1991). This
extraction procedure was developed specifically for the determination of authigenic
mineral phases in anoxic sediments. It might therefore be useful for the extraction of
reduced compounds from suboxic sediments. Both extraction procedures and the analytical
details are briefly summarized in the next sections.
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Tessier-type extrat:tion
1-2 grams of wet sample were transferred to 50 ml Teflon® (FEP) airtight
centrifuge tubes in a nitrogen gas (99.995 % N:J filled glove-bag and weighed accurately.
During extraction the solid/solution ratio was always greater than 20. Corrections for
water content were made by

cr analyses of the first extractant <NH4Ac) assuming that all

cr was derived from seawater. Prior to contact with the samples, the chemical extractants
of the first four extraction steps were thoroughly deoxygenated through bubbling during
several hours using purified N 2 gas. To avoid unintended oxidation during mechanical
shaking and sample handling all extractions and handling until step 5 were performed
inside a glove-box system (DE LANGE, 1986) under nitrogen atmosphere (02 <
0.0002%).
Following each extraction step the well closed tubes were centrifuged outside the
glove-box and the supernatant was carefully removed and acidified with an appropriate
amount of HCl inside the glove box. No leakage of the tubes was observed during
evacuating the airlock. After each extraction step the samples were washed with redistilled

Table 1 Tessier type extraction scheme

FRACTION

EXTRACTANT

pH

TIME

COMPONENTS

(h)
Exchangeable

IN NH.OAc

8.2

18

Carbonatic

IN NaOAc

5.0

5

carllonates

Easily Reducihle

O.IN NH20H.HCI +
HNO;

2.0

7

Mn-oxides and Fehydroxides

Moderate Reducible

O.IN NH.- oxalate

2.5

5

amorphous Fe-oxides,
amorphous clay-minerals

Sulphidic/ Organic

30% H 20. +HNO;
extracted after
evaporation with 1N
NH.OAc

2.0

3*2

organic matter and mono
sulfides

Residual

porewater cations

7

HFIHCLO.JHNO,
Residue dissolved in HCI

"HNO, is added to destroy the excess reducing agent
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water to remove excess extractant (except extraction step 6) and added to the already
obtained supernatant. The final residue (step 6) was quantitatively transferred into a teflon
vessel and dissolved in a RCIO/RFIHN03 mixture followed by evaporation to dryness.
The final solutions were made up in 50 ml IN RCI. On the basis of a comparison
between the sum of all extractions and the independently determined total concentrations,
the total weight-loss of sample material was always found less than 20%. The extraction
scheme is summarized in Table I.
A cid gradient extraction

The samples of the I-turbidite were subjected to an acid gradient extraction
(SUESS

1979~

MIDDELBURG, 1991). No precautions were taken to avoid the contact of

oxygen with the samples.
About I gram of wet fresh sample was weighed in 50 ml Teflon® (FEP) airtight
centrifuge tubes. After each extraction step the samples were centrifuged and the
supernatants were carefully removed. This was followed by washing with distilled water
to remove excess extractant. The supernatants of extraction steps 9 and 10 were
transferred in a teflon beaker and evaporated to dryness and the final solutions were made
up in IN RCI. The remaining sediment after step II was completely digested by a similar
procedure used above. Reagent, concentration, duration and characterization of each
extraction step are summarized in Table 2.
Total concentrations

The sums of the concentrations from the extractions were compared with the total
concentrations determined independently. For the samples of the 1- turbidite sufficient
material remained for comparison. Due to the higher sample resolution in the I-turbidite,
new samples, taken adjacent to the samples used for extraction were used for this
comparison. Total weight loss of sample material during the extraction procedures were
estimated to be less than

10%. Background concentrations were derived from

representative bulk samples, that were taken in the middle of the reduced and oxidized
part of the I-turbidite. To determine the total concentration, the samples were dried for 24
hours at 105°C and thoroughly ground in an agate mortar prior to dissolution in an
RCI0 4, RN03 , HF acid mixture. The final residue was taken up in I N RCI.
All elements used in this study (Ca, AI, Fe, S, Cu, Co, Mo, Zn and Ni) were
measured with an ARL 34000 Inductively Coupled Plasma emission spectrometer.
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Analytical precision and accuracy were detennined by replicate analyses of some samples,
Table 2 Acid gradient extraction scheme

STEP

EXTRACTION SOLVENT

TIME

FRACTION

(h)

Quartz-subboil dest. H.O

8

porewater +
exchangeable
carbonates +
exchangeable

2

NaAclHAc (PHS)

16

3

NaAcl HAc (PH4)

8

carbonates

4

HAc (0.5 N)

16

carbonates

5

HC! (0.1 N)

8

6

HCI (0.5 N)

16

7

HCI (1 N)

8

8

HCI (6 N)

16

sulfides + crystalline
Fe-oxides and Fesilicates

9

HF (20%)

16

Fe-silicates and clay
minerals

10

HNOJ (60%)

16

pyrite

11

HFIHN0!HCIO.

carbonates + Fe and
Mn (hydr)oxides
Fe-oxides
Fe-oxides and
sulfides

residual

an international standard (80-1) and several house standards. The relative standard
deviations of 80-1 (n=15) was smaller than 2% for all elements and accuracy was better
than 4%.The bulk composition of the turbidites from the pe5 core are from a companion
study (DE LANGE, in prep.).
It must be noted that the applied extraction methods are operationally defined.

Therefore, the subsequent sequentially extracted fractions only partially represent different
sedimentary phases. For example, in the Tessier type scheme no difference can be made
between organic fractions and mono or disulphide fractions (Table I; TE8SIER et al.,
1979; van VALIN and MORSE, 1982; RAPIN and FORSTNER, 1983; MARTIN et al.,
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1987). Also, liberation of elements during a certain extraction step followed by adsorption
by ironhydroxides or clay minerals will lower the recovery of these elements during that
step. Moreover, during the acid gradient extraction, oxidation of the samples could have
caused a shift from a sulphide fraction to a more easily extractable fraction (KERSTEN
and FORSTNER, 1987). Buffering of the pH due to the dissolution of carbonates in the
first three steps of the acid gradient extraction caused a low specificity towards carbonate
related fractions.
In general, care must be taken when interpreting the results of a sequentially

performed extraction.

RESULTS
i-turbidite
Major elements

Major element (Ca, AI, Fe) concentrations display small variations over the
coloured front. However, the concentration level between front I and front 2 differ
slightly (Table 3). The carbonate content of front I is approximately 5% lower than that
of front 2. The lower carbonate content of the oxidized part is caused by dissolution of
carbonate during (oxic) decomposition of organic matter. Due to the closure effect, Fe
(Fig. 3) and Al concentrations are opposite to the carbonate content. The extraction results
are summarized in Table 4.
Fe is mainly present in the residual fraction (Fe..>90%). Reactive iron (easily/
moderate reducible fraction) equals about to % of the total Fe concentration. (Table 4).
The Mn- content is low (400 ppm). Most Mn (80%) is extracted in the "carbonate

Table 3 Main composition of the coloured fronts in the f- and 1
turbidite.

front 1
front 2
l·twbidite

Ca (%)± s.d.

AI (%)± s.d.

Fe (".4)± s.d.

±O.,
21.4 ±O.,
3'.2 ±O.,

4.7:1: 0.1

2.6:1: 0.07

4.3:1: 0.1

2.1

1.7:1: 0.0'

0.9:1: 0.02

20.3
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fraction" (IN NaOAc, pH=5). This suggests that Mn exists rather as a carbonate phase
than

as a Mn-oxide phase (e.g., BOYLE, 1983; THOMSON et al., 1987). Mn -oxides

would in this scheme be extracted with the Chester-Hughes reagent (0. IN NHpH. HCL).
The recovery of Mn for this fraction, however, is only about 40 ppm.
Zn(ppm)

S (ppm)

Cu (ppm)

o
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I

I

I

I

I

I
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I
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722.0
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Ni (ppm)

Fe (%)
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0

40

80

I

I

I

I

I
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720.0

720.5

g 721.0

I
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JlI&we J. Concentrations from respectively Cu. Co. Ni, S, Fe and Zn versus depth of front 1 in the .f-turbidite.
The hatched areas display the visible colour change to black/purple.
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Trace elements

The concentration of some trace elements (Ni, Co) is constant with depth in front

Cu (ppm)
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Flcwe 4. Concentrations from respectively Cu, Co, Ni. S, Fe and Zn
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The hatched areas display the visible colour change to black/purple.
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Table 4. Summarized results of Tessier type extraction. The selected
intervals are above, inside and below the fronts respectively.
Concentrations in ppm; Depth in CID.
86pc5, - turbidi , front

86pc5, -turbidite, front

Depth
721.3
6
16
486
2745
53
26139

Depth
745.5
4
10
442
2506
14
21478

Depth
746.1
14
101
1114
3246
27
22158

Depth
746.8
7
102
1284
2476
15
20445

Fe

Exchangeable
ClUbonatic
Easily reduceable
Moderate reduceable
Organic/sulphidic
Residual

Depth
719.1
9
50
740
3014
30
25118

Depth
720.4
5
21
666
3061
21
28081

S

Exchangeable
ClUbonatic
Easily reduceable
Moderate reduceable
Organic/sulphidic
Residual

1950
0
0
413
60
255

1610
0
0
70
11
156

1515
57
0
63
0
207

1342
0
0
179
141
327

2248
0
0
713
196
691

2687
31
0
86
227
1333

Ni

Exchangeable
ClUbonatic
Easily reduceable
Moderate reduceable
Organic/sulphidic
Residual

0
3
2
5
4
25

6
7
10
5
1
22

2
5
6
5
1
24

0
3
3
9
2
21

2
6
3
6
1
21

0
5
3
5
2
25

Co Exchangeable
ClUbonatic
Easily reduceable
Moderate reduceable
Organic/sulphidic
Residual

0
1
3
3
2
7

0
4
6
3
1
8

0
2
4
4
2
8

0
0
3
3
1
7

0
2
5
3
2
7

0
1
4
3
1
7

Cu Exchangeable
ClUbonatic
Easily reduceable
Moderate reduceable
Organic/sulphidic
Residual

15
12
6
19
1
15

63
35
21
14
0
12

32
24
27
15
0
12

0
0
1
20
0
23

21
25
19
34
1
20

0
2
3
17
1
28

Zn Exchangeable
ClUbonatic
Easily reduceable
Moderate reduceable
Organic/sulphidic
Residual

1
5
7
18
9
45

1
5
6
14
4
48

0
2
4
21
10
50

0
3
11
19
4
42

1
7
14
21
6
46

2
8
15
20
5
45
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2 but shows some variation in front I (Figs. 3,4). In front I the highest concentrations are
found in the middle of the coloured front. Cu shows distinct peaks in both coloured bands
and is up to 3 times enriched in front 2 (Fig. 4).
The concentration of sulphur almost doubles in front 2 (Fig 4). The increased
concentrations of sUlphur in the front corresponds with the background values as derived
from the reduced bulk-samples. The recovery of sulphur of the organic and pyrite fraction
(30% H20:J does not contribute much to the total sulphur concentration. The specificity of
this step with respect to pyrite is not very high. If pyrite is present most will be extracted
in the residual step. (TESSIER et al., 1979). In the lower part of front 2 about 50 %
sulphur is extracted in the residual and organic matter (pyrite) step (Table 4). Therefore,
the increase found in total sulphur is possibly due to an increase in pyrite. Note that the
highest S concentration corresponds with the highest Cu concentration.
This increase in sulphur is closely matched by a small increase in (residual) Zn, but not
by Co and Ni. The distribution of the trace elements Ni, and Co in the different fractions
does not show much variation. Note that for these trace elements a large amount is found
in relatively reactive fractions (Table 4).
Surprisingly, the Cu distribution over the various fractions changes significantly
in the coloured fronts (Figs. 6 a,b). The Cu concentration remains constant, only in the
residual and oxide fractions . In contrast, the Cu concentration in the exchangeable,
carbonate and easy reducible fractions demonstrates a ten-fold increase relative to the
concentration in the samples taken outside the coloured front, especially in front 2 (Fig.
6a; Table 4). The "excess" Cu concentration (Cu concentration in the peak minus the Cu
concentration outside the coloured front) is about 130 ppm.
1- turbidite

The concentrations of Co, Ni and Zn are constant nearly across the coloured
front, whereas those of Cu and S display distinct enrichments (Fig. 5). Cu is about 6
times enriched compared with the lowest value in this interval and S about 4 times. A
clear linear relation is observed between the Cu and S enrichments (Fig. 7). The
distribution of Cu in the I-turbidite follows the same pattern as that found in the f
turbidite. In the refractory fractions, residual and oxides fractions, Cu is constant. In the
front, which is represented by sample 55.157,

Cu is enriched in the exchangeable!

carbonate! easily destructible oxides fractions. The enrichment of Cu can be attributed
almost entirely to the increase of Cu in the exchangeable! easily soluble oxides! carbonate
fractions. Also the concentration of sulphur is higher in the exchangeable!porewater
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fraction in the front (Fig. 8). The Cu concentration of the mild extracted fraction is about
7.9 mmoI.kg-1• The excess S concentration is about 15.6 mmoI.kgol • The ratio Cu:S is

0.51.
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Flgwe 5. Concentrations from respectively Cu, Co, Ni, S, Fe and Zn venus depth of the front in the I-turbidite.

Due to the high carbonate content (CaCO) > 80%) the first 5 steps are dominated
by a carbonate phase. The high carbonate content probably overloaded the buffer capacity
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during each of these extractions, raising the pH. The selectivity of the first quartz distilled
water step towards exchangeable phases is probably low and only dissolved phases (salts)
are extracted. Therefore an overlap between exchangeable sorbed phases and carbonate
related phases is suspected in step 2.
The lIND) step designed for extraction of pyrite (LORD, 1983) has a low
recovery for most elements suggesting the absence of pyrite.

F-turbidite

DISCUSSION
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Flgure 6. The cumulative distribution of Cu from respectively front
1 and 2 in the [-turbidite. The arrow indicates the samples with in
the fronl Note that the samples are not equally spaced. The
numbers at the hatches in the legend box correspond to the different
extracted steps. iaNH. Ac; 2=NaAc; 3- NHzOH.HCI; 4o=NH.
oxalate; Sa HzO/HNO,; 6=HFIHCIO•. For a complete extraction
scheme the reader is referred to Table 1.
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accumulation of easily extractable and oxidizable copper-sulphur compounds.
Fonnation of front type 1

During pelagic sedimentation the rate of accumulation of organic matter is low
and all but the most refractory organic matter is oxidized quickly after deposition.
Consequently, oxygen supplied by diffusion from the bottomwater may persist in the pore
water down to considerable depths resulting in an oxic sediment.
After emplacement of a (organic-rich) turbidite, oxidation of excess labile organic
matter by bottomwater oxygen diffusing downward from the sediment water interface
("bum-down"), can lead to a sharp colour change as observed in the I-turbidite.

After

oxygen is exhausted, nitrate, manganese and iron are subsequently used as oxidants in the
bacterially mediated decomposition of organic matter.
As a result of the continuous supply of dissolved iron and manganese from the
underlying reduced sediment and the downward migration of the oxidation front, iron and
manganese enrichments are formed near this front. This may also lead to enrichments of
elements such as Ni, Co, Zn and Cu that are involved in the Mn-cycle and that are easily
scavenged by ironhydroxides (WILSON et al., I986; WALLACE et al., 1988). Elements
that were previously fixed in the reduced upper part of the turbidite such as U, V and Cu
(COLLEY and THOMSON, 1985; THOMSON et al., 1990) will be released as the
oxidation front passes and will accumulate just below the redox-boundary.
At deposition of the next turbidite the penetration of O2 stops and the underlying sediment
becomes more reduced. Since the organic matter of turbidites is mostly reworked, the
underlying sediments will not acquire sulphate reduction but become post-oxic or sub
oxic. The previously formed iron and manganese enrichments at the (old) redox-boundary
and their associated trace metals, will slowly dissolve and redistribute. If the duration of
post-oxic conditions is long enough, alI the manganese and iron enrichments will
disappear (FINNEY et al., 1988). Mn is easily adsorbed to carbonates (BOYLE, 1983) and
will be decoupled from Co, Ni and Cu that do not have such a high affinity with
carbonates.
Redistribution probably takes place along redox gradients. Because the studied
coloured fronts are equilinear to the sediment water interface, the redox gradient is
coupled to a large scale, long term diagenetic process. The Cu, Ni, Co and Zn
enrichments in the fronts (Fig. 3) are explained by increases of these elements in the
exchangeable, carbonate and easily-reducible iron-hydroxides fractions. Therefore, redox
driven, non specific sorption to clays, calcite and, most of aU, hydroxides is likely to be
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the most important process controlling the formation of type I fronts.
Fonnation of front type 2
In the MAP sediments, Cu is delivered by organic-rich turbidites that inherited
their Cu-organic complexes content from the shelf sediments (CHESTER et aI., 1988).
Consequently, the organic carrier survives destruction at the sediment-water interface.
During the burn down stage of the turbidite some Cu is probably liberated due to the
degradation of the organic carrier. Subsequently, Cu can be involved in the Mn-cycle or is
released into the porewater. Some Cu will remain in the anoxic (organic-rich) part of the
turbidite. After liberation by the oxidation front, this Cu can be adsorbed to authigenic
clays or react with sulphides. Additionally, Cu can be complexed again with organic
matter and as a result accumulate below the redox-boundary, like U and V (WALLACE et
aI., 1988; COLLEY and THOMSON 1985, 1990). However, this is probably not the main

process for Cu enrichment in type 2 fronts. The fact that Cu is the only trace element that
is enriched (Figs. 4 and 5)
and the association of Cu

o

with sulphur suggests an
additional phase in the Cu
diagenesis.
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Flg1lft 7. Cu versus S from the front in the I-turbidite.

might

TSAMAKIS,
SHAW

et

reported

a1.

and
1989).
(1990)

values

of

dissolved Cu up to 115 nM in marine suboxic porewaters, although in most cores that
they investigated, Cu concentrations decreased rapidly with depth to 0-10 nM. Using a
[HS' ] of 100 JlM (10 times oxic seawater) and a [Cu 2+] of 100 nM we calculated a near
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saturation with respect to CuS 2 using the CHARON program

(N.M. De ROOII, Delft

Hydraulics Laboratory). However, the concentrations that we assumed are likely to be
much lower, especially that of Cu. In seawater over 90% of the 'dissolved' Cu is
complexed with organic ligands lowering the activity of Cu (DONAT and VAN DEN
BERG, 1992). Dissolved organic carbon levels in suboxic porewaters are usually more
than 10-fold that of seawater. It seems therefore that the formation of authigenic copper
sulphide in these suboxic sediments is not a viable explanation for the observed relation
between Cu and S. This implies that Cu-S association must have existed before the
formation of the fronts and has accumulated at the present locations of the fronts.
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8. Cu and S release during the successive extraction steps of sample 55.157. The numbers
correspondent to the extractions steps as summarized in Table 2.

The extent of mobilization of the Cu-S association

IS

not limited to an

organic-rich turbidite as is demonstrated by the Cu-S (Fig. 5) enriched front in the 1
turbidite. The source of the Cu-S association of the coloured front in the I-turbidite
probably not the I-turbidite itself.

IS

This calcareous turbidite is not comprised of

(organic-rich) shelf sediments but has an oceanic western origin where sulphate reduction
does not occur (DE LANGE et al., 1987, SCHOTTENHELM et al., 1989). The origin of
the Cu-S association must therefore lie in adjacent organic-rich (Cu-bearing) turbidites.
The nearest organic-rich turbidite is the I} -turbidite that is found 80 em below the 1
turbidite. (MIDDELBURG and DE LANGE, 1988). This implies that the mobilization
distance of the Cu-S association is at least 80 em (fig a). Transport of the Cu-S
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association could occur via intennediate organic (sulphur) components, enhanced by the
high affinity of Cu for organic compounds (RASHID, 1985). Indeed, the extraction of Cu
and S under mild conditions (Figs. 6 and 8) and the rapid disappearance of the colour of
the front suggest a labile
organic

or

o
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oxidizable Cu compound.
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34

stage
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"bum-down",

oxidation of the organic

FIpR 9. p& venlU depth from core 8~MD10. The hatched area represents
the coloured front in the I-turbidite.

matter and other reduced
compounds occurs at a sharp oxidation front, mainly by oxygen. The classical redox
sequence (FROELICH et a1.. 1979) is not observed, as all reactions takes place in a very
thin interval. As the front moves down, the flux of oxidants is compensated by the
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reduced compounds and the bum-down process will be decelerated. Consequently, the
process will incline towards a new steady state situation. As a result, the front will
become stretched and the different reactants (Fe, Mo, NO), OJ will be separated
according to their redox potential. The oxidation of organic matter and reduced iron can
take place at a higher level than the oxidation of pyrite. The stepwise increase of S (and
Zn, fig 4) below the paleo-oxidation front suggests that the oxidation of pyrite occurred
deeper than the colour change caused by the transition of Felli to Fell . These changes in
ps probably are sufficient to accumulate the Cu-S association in distinct bands in the
region of paleo-oxidation fronts.
The Cu-S association in the I-turbidite did probably also accumulate in response
to a redox gradient. The ps against depth profile (Fig. 9) displays a conspicuous peak at a
depth of about 21 m. Remarkably, the Cu-enriched front lies just above this peak, at the
steepest incline of this ps gradient. Although the formation of such redox boundary under
suboxic conditions is yet unclear, these coloured, Cu-enriched layers may be very
sensitive indicators for redox changes.
Summarizing, sub-oxic diagenesis can play a very important role in the Cu cycle and
could be the most important stage for accumulation of Cu in marine sediments.

It is

remarkable that even under sub-oxic conditions in deep-sea sediments significant metal
enrichments are formed that persist in a labile phase over a long period and over a large
area. However, many questions remain unsolved. Future research must be able to: 1.
identify the exact nature of the Cu carriers and 2. estimate the importance of suboxic
diagenesis for the accumulation of Cu-rich phases.
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ABSTRACf
Organic carbon, sulphur, 8 13C OIlI, iron, manganese and calcium have been measured
across a weathering front in Pliocene sediments from a outcrop in southern Sicily. The results
show an almost quantitative removal of COllI and sulphur and an increase in iron and manganese
oxides over the weathering front, accompanied with a significant shift of the 8 13C OIlI to lower
values. These data are among the first to support the rapid, extensive weathering of organic matter
and sulphur, a basic assumption made in global biogeochemical models on a Phanerozoic
timescale.

INTRODUCTION
On geological time scales the oxygen content of the atmosphere is determined by the balance
between the burial of organic matter and reduced sulphur in sediments on the one hand and the
oxidative weathering of organic matter and pyrite in sedimentary rocks on the other hand
(GARRELS and LERMAN, 1984; BERNER, 1989). The processes involved and the factors
determining the burial of organic carbon and reduced sulphur in sediments have received
considerable attention (EMERSON and HEDGES, 1988; BERNER and CANFIELD, 1989).
Organic carbon and sulphur burial rates seem to be coupled directly to the total sediment burial
rate (BERNER and CANFIELD, 1989). The rate of weathering of organic matter and reduced
sulphur is thought to be determined primarily by uplift and exposure of sedimentary rocks to
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weathering solutions (HOLLAND, 1984). The weathering reactions involved have received little
attention sofar but seem to be rapid on the time scales of deposition, burial, uplift and erosion.

In most models of global biogeochemical cycles it is assumed that kerogen is
completely remineralized when sedimentary rocks are weathered (e.g. BERNER, 1989). There is
however little direct evidence for the complete mineralization of weathering kerogens (HEDGES,
1992). In contrast, there is substantial evidence for the incomplete destruction of organic matter
upon weathering, namely the common occurrence of 14C-poor organic matter (e.g.
ERLENKEUSER et 01., 1974) and non- anthropogenic fossil hydrocarbons (e.g. ROWLAND and
MAXWELL, 1984) in suspended matter and recent marine sediments. In addition, although losses
of the amount of organic matter are reported up to 60% at maximum for Permian shales from
Utah (CLAYTON and SWETLAND, 1978) most investigations report values between 0 and 25
% loss of organic matter for various locations and lithologies (CLAYTON and SWETLAND,
1978; LEYTHAEUSER, 1973; FORSBERG and BJOR0Y, 1981; LITTKE et 01., 1991).
The most simple test to determine the efficiency of organic matter weathering is to
analyze organic matter gradients across weathering fronts (e.g. LEYTHAEUSER, 1973). In this
manuscript we report on the profiles of organic carbon, sulphur, iron, manganese and OIJC OIJl over
a weathering front situated in Pliocene sediments from southern Sicily.
METIlODS AND MATERIAL
Geological setting

The geology, stratigraphy and palaeontology of the lower Pliocene Narbone and Trubi
formations of Sicily have been studied intensively (e.g. RIO et 01., 1984; HILGEN, 1991;
HOWELL et aI., 1988). The marls of the Trubi formation display a distinct repetitive white-grey
white-beige colour layering with the grey and beige marls being less indurated and CaCOJ -poor.

In addition, the grey layers are enriched in COllI (0.2-1.5%). In the basal part of the overlying
Narbone formation, brownish coloured, often well laminated layers, enriched in COllI (sapropels)
are intercalated in the grey layers of the quadripartite cycles. These cycles are related to the
astronomical cycle of precession with the grey layers corresponding to minima in the precession
index, which has an average duration of 21 ky. All sedimentary cycles in the Trubi and Narbone
formations have been correlated to the astronomical record (HILGEN, 1991).
Thermal degradation of the organic matter only played a very minor role as the burial
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depth did probably not exceed 300 m. The sediments are presently covered with about 100 m of
sediment, whereby the marly clays of the Narbone formation show a gradual prograde towards
terrigenous muds and sandstones (RIO et a1., 1984). The sediments are slightly tilted and
synsedimentary slumping has been observed at different locations. There are indications found
for sliding parallel to the bedding plane, whereby the less compact indurated organic-rich layers
acts as a sliding plane. In almost all of these sapropelic layers a weathering front has developed,
parallel to the bedding plane, which caused the brown colouring of the sapropelic layers in the
Narbone formation.
Samples were taken from a
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(BROLSMA, 1978) with an average
sediment accumulation rate of 4.9
cm.ky·l (HILGEN, 1991). This cycle
was selected because it contains an
extremely pronounced sapropel with a
thickness of about 50 cm (Fig. I).

Fl&we 1. Stratigraphic column of sapropel containing carbonate cycle
1061107. The relative resistance to physical weathering is related with
the Ca concentration in the sediment. 1=Blue grey marl. after
weathering the colour changed to beige. 2 = White limestone. fresh
colour is grey-green. 3 = Dark green-grey sapropel. 4 = Weathered
laminated saprope~ colours are varying from black to brown. ~ =
Rusty yellow-brown iron enriched horizon.

Within this sapropel a 30 em thick
brownish black weathering front has
developed (Fig. I).

Sampling

Considerable effort was taken to remove the weathered surface (up to 2 meter in the
outcrop) in order to expose fresh (blue coloured) sediment. The samples were taken from one
complete quadruplet cycle (Fig. 1) represented by a beigelblue clayish marl at the top, followed
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by a white marly interval and the green brown sapropel, including the weathering front and
subsequently followed at the base by another white, marly interval. 0.5-1 cm thick fragments were
carefully sampled continuously with a sample density of 1-1.5 sample.cm"l, perpendicular to the
stratigraphic sequences, using a stainless steel chisel. The samples were stored at 4°C until
analyses at the laboratory.

Chemical analyses
The samples were dried 24 hours at 105°C and thoroughly ground in an agate mortar
mill prior to an HCI0 4 , HN0 3 , IfF acid destruction. The final residue was taken up in 1 M HCI.
The elements Fe, Mo, S, Ca, and various trace elements were measured by Inductively
Coupled Plasma emission spectrometry (ARL 34000). Analytical precision was determined by
replicate analyses of samples, an international (SO-I) and a house standard (MM 82) and was
found better than 3 % for all elements.
The measurement of COIJl and 8 13COIJl in carbonate-rich samples requires that before the
analyses all carbonate should be removed. About I gram of sample was weighed in a centrifuge
tube. The carbonate was extracted by mechanically shaking with 6N HCL during 12 hours. To
avoid overpressure, the centrifuge tubes were carefully degassed during the first hour of the
procedure. After extraction, the samples were rinsed with demineralized water in order to remove
CaCI 2 and were subsequently dried. The organic carbon content of each sample was determined
volumetrically and in duplicate following dry oxidation with CuO at 900°C in a closed
circulation system at 0.2 atm. oxygen. The released CO 2 gas was cryogenically separated from
the other gases. The 8 13COIJl was measured in duplicate with VG SIRA 24 mass spectrometer with
a precision better than 0.1 %0. If duplicate samples deviated more than 0.1 %0 additional analyses
were done. The isotope data are reported relative to the PeeDee Belemnite standard.

sax and N0 2

gases, that could interfere with the volumetric carbon content and isotopic measurements
respectively, were demonstrated to be absent using mass spectrometer scans.
RESULTS and DISCUSSION
The weathering profiles for organic carbon, sulphur, 8 13COIJl, iron, and manganese are
shown in Figure 2.
Weathering results not only in a decrease of organic carbon and reduced sulphur, but
also in an increase of iron, manganese and various trace elements such as Ni and Co. These
increases are related to leaching by weathering solutions and subsequent precipitation of iron and
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manganese oxides or leaching followed by scavenging of trace elements by iron and manganese
oxides. Depending on the acidity of the percolating weathering solution, carbonates could be
dissolved. This would also be enhanced by the oxidation of pyrite and subsequent precipitation
ofironhydroxides. which both produce acidity (STUMM and MORGAN. 1981). The oxidation
of sulphides and the release of sulphate to the weathering solution has caused not only a
significant loss of reduced sulphur. but also the precipitation of sulphates (especially celestite) in
the iron enriched layer. marked by the increase of total Sand Sr (not shown). Similar
observations have been made by LITTKE et aJ. (1991) who reported carbonate and reduced
sulphur losses of 25% and 82% respectively and an increase of ironoxides in the weathered part.
However, it is difficult to assess the loss of carbonate quantitatively because the carbonate content
in these -cyclic- sediments mainly represents a primary depositional signal (V AN
prep).
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It appears that the iron enrichment is much more localized than that of manganese. This

more dispersive nature of manganese enrichments relative to iron enrichments has also been found
in soils and sediments and is consistent with their well established geochemical behaviour (e.g.
STUMM and MORGAN, 1981). In addition, in the weathering front Mn seems to be anti
correlated with Fe, probably caused by the reaction of Feu with Mn-oxides (pOSTMA, 1985).
This process will enhance the separation of iron and manganese phases into distinct zones,
according to their thermodynamic stabilities.
Weathering has resulted in
an almost quantitative removal of
both organic carbon and sulphur. Due

o

to the cyclic nature of these layers it

0.0

2.0

I

I

is not completely certain that the
highest value of the amount of
organic matter in the non-weathered
part represents the highest value in the
sapropel before weathering. Organic
carbon results of an underlying, less

---

10

Sapropel <¥:Je 101/102

E
o 20
30

weathered cycle (V AN OS et al., in
prep.) show that the COIll contents
within

the

sapropel

are

almost

constant (Fig. 3). Moreover, data for
various Late Pleistocene sapropels

40
50

show only small internal variations in
the COlI content (V AN OS et al.,
1991; PRUYSERS et al.,

1993).

Therefore, we may assume that the
highest

value

measured

in

the

unweathered part represents the COIll
content

in

the

sapropel

60

70
Flgwe 3. organic carbon of the less weathered sapropel containing
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before

weathering and that consequently, the
losses due to weathering are about 80% for sulphur and 90% for COIll . Besides, underestimation
of the initial amount of COlI due to incipient weathering, would only lead to higher relative losses
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of COlI and reduced sulphur. These data therefore support the assumption of almost complete
remineralization of organic matter and oxidation of sulphides, made by modellers of global
biogeochemical cycles (e.g., BERNER, 1989).
The extensive mineralization of organic matter in the Punta Piccola section during
weathering nevertheless poses some questions. Firstly, before uplift and exposure, these rocks
have experienced various stages of diagenesis (e.g., VAN OS et al., 1991; PRUYSERS et aI.,
1993) in which labile organic matter has had ample time to react. Hence, the starting material
must have been composed of rather inert stable compounds. The enhanced decomposition of
organic matter upon exposure to weathering conditions must therefore indicate that the reactivity
of organic matter depends not only on its composition, but also on the environment of
mineralization. A similar observation has been made by WILSON et al. (1985) for the submarine
weathering of organic matter. WILSON and coworkers observed that organic matter which was
transported by turbidites from the continental margin to the deep sea was oxidized by oxygen in
relatively short time intervals, whereas it was preserved in the presence of sulphate for thousands
of years. Secondly, the loss of organic matter is very high compared with other studies which
report values about 0-25% (LEYTHAEUSER, 1973; CLAYTON and SWETLAND, 1978;
LITTKE e tal., 1991). It may perhaps be explained by the hot climate on Sicily, enhancing
weathering rates. Similar climatic conditions exist in Utah where a C... loss of 60% was reported
for the Permian Phosphoria shale (CLAYTON and SWETLAND, 1978). In addition, the relatively
young age and lower burial depth, hence the higher reactivity of the organic matter, compared
with the older often thermally altered organic matter reported in literature can bias our data
towards higher losses due to weathering. Another factor may be the bedded nature of the Trubi
and narbone formation which enhances weathering along the conductive planes.
The data presented in Figure 2 reveals that removal of about 80% of organic matter
results in a shift in S13C... values from -22.2 %0 to -23.4 %0. Hence, it appears that weathering
of organic matter occurs preferentially, leaving a S13C... depleted residue behind. The lower S13C
values of the weathered samples demonstrate a shift to isotope values generally found in marine
sediments with a relative high input of terrestrial organic matter. (DEGENS, 1969). Distinct
compounds of C... in sediments and sedimentary rocks show differences in S 13COII of more than
50%0 (FREEMAN et aI., 1990; KOHNEN et al., 1992). Preferential utilization of organic
compounds during early diagenesis can cause shifts to more negative bulk S13C... values by as
much as 4960 (SPIKER and HATCHER, 1984). We hypothesize that selective weathering of COlI
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may have caused the observed isotopic shift.
There is independent evidence for the selective weathering of organic matter upon
exposure. Using pyrolysis techniques, NIP et al. (1989) have shown the selective weathering of
bituminous coal upon exposure. LITTKE et al. (1991) and CLAYTON and SWETLAND (1978)
found that in the weathered part of the Posidonia shale, the residual organic matter was especially
depleted in aromatic hydrocarbons and to lesser extent in saturate hydrocarbons. Moreover, an
isotopic shift of more than 2%0 has been observed between bitumen and the extracted kerogen of
shales from the Monterey formation (SCHOELL et aI., 1992).
Finally, the observed isotopic shift of -1.2 %0 upon (sub)aerial weathering of 80% of
the organic matter is very similar to the isotopic shift of -1.7 %0 upon submarine weathering of
80% of the organic matter in a turbidite from the Madeira Abyssal Plain (SCHOLTEN, 1991).
Accordingly, it seems that BI3C values of the remaining organic matter may alter during
destruction, but that the shift is usually 2 %0 at most. On the one hand, this puts a limit on the
shift of the B13Corg in sedimentary rocks due to weathering. On the other hand, it may
nevertheless have major implications for the interpretation of the sedimentary Corg-pool as a
monitor of atmospheric carbondioxide concentrations.
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CHAPTER VII
CARBONATE CYCLES IN THE MEDITERRANEAN:
DIAGENESIS, DILUTION AND PRODUCTIVITY

B van Os, L.J. Lourens, L. Beaufort, F.J. Hilgen and G.J. de Lange

IN1RODUcrION
The late Cenozoic sedimentary record of the eastern Mediterranean is known to
contain distinct layers with elevated organic carbon content [Cita et 01., 1977; Kidd et 01.,
1978]. These 'sapropels', interbedded in hemipelagic sediments, have many characteristics
[e.g., high COlI' Fe, S and trace metals] in common with organic-rich black shales, such as
those from the Cretaceous.
Sapropel occurrences are cyclic and correspond closely with minima in the
precession index when perihelion occurred in Northern Hemisphere summer [Rossignol
Strick, 1983,1985; Prell and Kutzbach, 1987; Hilgen, 1991]. This cyclic enrichment of
organic matter was not limited to the Late Pleistocene and Holocene but occurred also as
early as the Early Pleistocene and even the Miocene [Howell et aI., 1988; Sprovieri et 01.,
1988; de Visser, et 01., 1989; Rio et aI., 1991; Thunell et 01., 1991; Hilgen, 1991; van der
Weijden et 01., 1993]. This would suggest that the processes, which led to the formation of
sapropels, have not changed from the late Miocene until the Holocene.
Much work has been done to explain the formation of the Late Pleistocene and
Holocene sapropels [Rossignol-Strick et 01., 1982, 1985; Thunell and Williams, 1989; Rohling
and Gieskes, 1989; Calvert et 01., 1992]. Increased runoff from the river Nile during peaks
of monsoonal precipitation on northern Africa is thought to have triggered the formation of
the youngest sapropel [Rossignol-Strick, 1982, 1985]. An increase in fresh water input could
have supplied more nutrients leading to a higher productivity and enhanced organic matter
flux to the seafloor [Calvert, 1983; Calvert and Fontugne, 1992]. Furthermore, a low salinity
surface layer would have reduced deep-water circulation, limiting the amount of oxygen in
the deeper part of the water-column. This could eventually have led to anoxic bottom water
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conditions and enhanced preservation of organic matter [Olausson, 1961; Cita et aI., 1977 ).
According to most studies, a low salinity layer is evidenced by 8 11'0 depletions in planktonic
forams within sapropels, which woild be related to the 8 180 signature of fresh water input.
The most extreme hypothesis suggests that excess runoff and precipitation over evaporation
caused a reversal of the water circulation in the eastern Mediterranean [Calvert, 1983; Thunell
and Williams, 1989]. Such a reversed [estuarine] circulation would act as a nutrient trap,
leading to enhanced productivity and consequent sapropel formation [Thunell and Williams,
1989; Calvert et ai., 1992; de Lange and Ten Haven, 1983). An alternative model [Rohling
and Gieskes, 1989) combines decreased deep water formation with enhanced primary
production. Their scenario suggests that a decrease in excess evaporation over precipitation
and runoff caused shoaling of the pycnocline into the euphotic zone. According to this model,
8 180 depletions found in late Pleistocene sapropels should be related to reduced inflow of
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western Mediterranean water and decreased excess evaporation [Van Os and Rohling, 1993].
Most scenarios for sapropel formation are based on Late Pleistocene sapropels, they
are afterwards widely applied to studies of early Pleistocene and Pliocene sapropels and
laminites [Gudjonsson and van der Zwaan, 1985; Sprovieri et aI., 1986; Rio et al., 1991; de
Visser et al., 1989; Thunell et al., 1991; inter alios]. Because of the emphasis on sapropel
formation, the occurrence of carbonate cycles, in which these laminated sediments and
sapropels mostly occur, remains unexplained. Most studies attribute the existence of these
carbonate cycles to dilution by enhanced terrigenous input during sapropel formation [Thunell
et al., 1992; de Visser et al., 1989] or dissolution during anoxic conditions [Sprovieri et aI.,

1986].
The main objective of this study is to determine the dominant processes leading to
the formation of the carbonate cycles and intercalated sapropels. Perhaps the most suitable
sediments for such a task are the marly outcrops of the Trubi formation and the Monte
Narbone formation in the Pliocene Mediterranean, which show cyclic enrichment in organic
matter and carbonate. These marls display a distinct white-grey-white-beige colour layering
with the grey and beige marls being less indurated and CaCO J -poor (Fig. I). The grey layers
are enriched in C"'ll [0.1-0.2%] and their midpoints are related to minima in the precession
index, as are Pleistocene sapropels [Hilgen, 1991]. In the basal part of the overlying Monte
Narbone formation the first Pliocene, brownish coloured, well laminated, Mediterranean
sapropels occur intercalated in the grey layers of the quadripartite cycles [Hilgen, 199)]. We
performed a high resolution geochemical and micropalaeontological study on a quadripartite
cycle that contains the first sapropel in the Sicilian Pliocene.
MATERIAL AND METHODS
Geological setting: Samples were taken from the carbonate cycle 101/102 in the

lower part of the Monte Narbone Formation in the Punta Piccola section near Porto
Empedocle, southern Italy (Fig. I). The grey layer is intercalated by a well laminated
sapropel, which is dated astronomically at 3.07 Ma [Hilgen, 1991]. The sediments have been
deposited at a depth of 400-800 m [Brolsma, 1978] with an average sediment accumulation
rate of about 5 cm.ky-'.
Sampling: Considerable caution was taken to remove the weathered surface to expose the

fresh sediment. After that, a polygon block of about 70 cm high with a weight of about 120
kg was carefully excavated, and put in polyethylene bags that were sealed to prevent
dehydration. Back in the laboratory, the block was stored at 4°C to prevent further
dehydration. The block was dry-sawed into 3 cm thick plates perpendicular to the bedding
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3= white layer, 4= sapropel. Note that lithology shows close
resemblance with the CaCO. content

plane. For geochemical purposes,
the samples were stored at 4°C
until analyses at the laboratory.
Cores with a diameter of slightly less than 1 cm were drilled at the same level as the
geochemical samples. This provided us with a fixed volume, necessary to calculate the
amount of foraminifers per cubic centimetre.
Chemical analyses: The samples were dried for 24 hours at 105°C and thoroughly ground in

an agate mortar mill prior to a HCIO. , HNOJ , HF acid destruction. The final residue was
taken up in I M HCl. The elements Fe, P, S, Ca, Ba, Mo, Al and various trace metals were
measured with Inductively Coupled Plasma emission spectrometer (ARL 34000). Analytical
precision and accuracy were determined by replicate analyses of samples, an international
(SO-I) and a house standard (MM 82) and were both better than 3 % for all elements.
Organic carbon and

8 3cotg" The measurements of COlI and S13C in carbonate rich samples

require that prior to the analyses all carbonate should be removed. About 1 gram of sample
was weighed in a centrifuge tube. The carbonate was extracted by mechanical shaking with
6N HCl for 12 hours. Hydrochloric acid, rather than acetate acid or phosphoric acid must be
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used to assure complete removal of carbonate phases such as dolomite. To avoid
overpressure, the centrifuge tubes were carefully degassed during the first hour of the
procedure. After extraction, the samples were rinsed with demineralized water in order to
remove CaCI 2 and were subsequently dried. From the extracted fluids, the (dissolved) organic
carbon content was determined. The results showed that the organic carbon loss due to the
carbonate extraction was negligible. Organic carbon was determined volumetrically following
dry oxidation with CuO at 900°C in a closed circulation system at 0.2 atm. oxygen. The

released CO 2 gas was cryogenically separated from the other gases. The BIJC was measured
with a VG SIRA 24 mass spectrometer with a precision better than 0.1 %0. Each sample was
measured in duplicate. The isotope data are reported relative to the PDB standard. SOx and
N02 gases, which could interfere with the carbon content and isotopic measurements

respectively, were shown to be absent using mass spectrometer scans.

d 3cctlI6 and d 80 ctlI6: In order to remove any organic remains, about 100 specimens of G.ruber
(10 mg) per sample were roasted for 30 min at 470° under a helium flow. After that, the
samples were transferred into glass reaction tubes that were evacuated for 14 hours. This was
followed by 6 hours of reaction with 100% phosphoric acid at 25.0°C at high vacuum. The
released CO 2 was cryogenically separated from the other gases and measured on a VG SIRA
24 mass spectrometer. Data are reported as per mil (%0) relative to the PDB standard.
Replicate analyses and repetitive analyses of the laboratory standard showed a standard
deviation <0.1 %0 for both lilJC and B18o.

Calcareous and silicious fossils: Foraminiferal countings have been made on splits [using an
Otto microsplitter] of 200-500 specimens from the 125-595J.1m fraction. All specimens were
hand-picked, mounted on Chapman slides, identified, and counted. Total calcareous fossil
content (shells/cm~ has been determined for four different size-fractions: I) 125-595J.1m
(planktonic foraminifers), 2) 65-125 J.lm (planktonic foraminifers), 3) 10-50J.lm (calcareous
dinoflagellates) and 4) < lOJ.lm (nanno-fossils). Dinoflagellate and nanno-fossil countings were
performed on every second sample. Opal concentrations were determined in the sediment
according to the method of Demaster [1981].
RESULTS

Geochemical analyses
CaCOJ concentrations are enhanced in the white layers, intermediate in the beige
layers and lowest in the grey layer and intercalated sapropel (Fig. 2 and 3). The relatively
high content of CaCO J causes a closed sum effect and shows therefore an opposite pattern
with depth with the other major phases in the sediment such as alumina-silicates.
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Organic carbon is elevated in the grey layer and intercalated sapropel. low in the
beige layers, and intennediate in the white layers (Fig. 3).
Iron and sulphur are both enriched in the grey layer. To correct for terrigenous
bound iron the Fe/AI ratio was computed, which shows a good correlation (R2= 0.86) with
sulphur. The molar Fe/S ratio of about 2. suggests that most iron and sulphur in the sapropel
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are present in the fonn of pyrite. Although organic carbon and sulphur are both enriched in
the grey layer, no good correlation is computed between organic carbon and sulphur.
Barium is enriched in the grey layer (Fig. 3) and correlates well with COlI (R2=0.89).
In the sapropel a small decrease in Ba is observed where Mn (Fig. 4) displays a very
prominent peak.
The elements Ti, AI, Zr and Cr, which are coupled to the terrigenous fraction, are
enriched in the grey and beige layers. They are depleted in the white layers (Fig. 5).
Stable isotopes

The 8 180 record of G. ruber shows a "bellshape" profile, which is slightly
asymmetric with respect to the lithology. Lowest 8 180 values (-2.5%0) are reached at the base
of the sapropel, while enrichments in 8 180 are found in the white layer (-0.5 %0) below the
grey layer and in the beige layer (+0.5%0) (Fig. 3).
The 8 13CO. rubor shows a stepwise decrease at the white-grey boundary reaching its
lowest 8 13C value (0%0) in the lower part of sapropel. The largest enrichment in 13C (8 13CI'l:l
1.2%0) is found in the white layer that precedes the grey layer (Fig. 3).

The 8 13COIJ values vary between -22 and -24.5%0 (Fig. 3). The largest enrichment
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in J3C.... (O I3C....=:l -22.5%0) are recorded in the grey layer and intercalated sapropel, whereas
lowest values (OI3C....=:l -24.5%0) occur in the white layers. Intermediate values (5 13C....=:l •
23%0) are recorded in the beige layer.

The

Ao J3Co.mber-....c record shows an almost equivalent pattern as

the

oJ3C.... record

with values varying between the 22.5 and 25.5%0 (Fig. 3). Highest values occur in the
intervals between the white and beige layers, whereas values decrease significantly in the
intervals between the white and grey layers. Lowest values were recorded in the grey layer
and intercalated sapropel. The beige layer contains intermediate values.

Paleontological data
Sixteen planktonic foraminiferal categories were counted and their percentages are
presented in Figure 6. Taxonomy of planktonic foraminifers is after Lourens et al. [1992].
The most conspicuous feature are the elevated percentages of G. puncticulata in the grey layer
and intercalated sapropel.
The total number of calcareous fossils in the different size-fractions show almost
similar patterns as that displayed in the CaC03 record, but resemble even more the P record
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(Fig. 3). In addition, most species display high abundances in the white layers and very low
abundances in the grey layer. Increased calcareous fossil contents are recorded in the white
layers, intermediate in the beige layer and low in the grey layer and intercalated sapropel.
Despite the lower calcareous fossil content in the planktonic foraminiferal association

> 1251lm, the sapropel and grey layers are characterized by an increase of the species
Globorotalia puncticulata (Fig. 3 and 6), which shows remarkable correlations with the

organic carbon (R?=0.86) and barium content.
DISCUSSION
Formation of carbonate cycles and sapropels

The most conspicuous feature of the carbonate cycle is the strong variation in
carbonate and organic matter content. Dilution and prOductivity have been proposed to
explain these variations in the Calabrian and Sicilian Pliocene carbonate cycles and sapropels
[de Visser etal., 1989; Howell etal., 1990; Thunell etal., 1991; Van der Weijden, 1993].

In addition, Sprovieri et al. [1986] suggested that diagenesis could be responsible for the
variation in carbonate content. In the next section, we will discuss each process separately,
so as to assess its potential importance in determining the CaCO, and COIl! content of these
sediments.
Diagenesis

The primary carbonate signal is affected by diagenesis mainly by dissolution and
precipitation or recrystallization [Morse and Mackenzie, 1991]. A qualitative indication for
carbonate dissolution is given by the ratio of shell fractions (/cm') > 10llm divided by the
fraction < 10llm (shell ratio index) (Fig. 4). Assuming that the amount of shells in the fraction
< 1011m will decrease more rapidly than the larger fractions, it can be distinguished that

dissolution may have occurred at about 38 cm (Fig. 4). This suggests that dissolution may
have occurred in the Mn-rich layer and at the boundaries of the grey layer. To assess
significance and timing of diagenesis we will discuss the possible diagenetic effects during:
deposition (a), early diagenesis (b), diagenesis after burial (c) and weathering (d).
(a) In the sediments under investigation, the effect of dissolution on the amount of
CaCO, during deposition was probably minor. The presumed depth of accumulation was 400
800m, i.e. well above the lysocline (present-day= 111m), and beyond the reach of corrosive
bottom waters that could dissolve CaCO,. In addition, the modern eastern Mediterranean
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water-column is entirely saturated with respect to calcite.
During deposition, CaC03 dissolution could occur during oxic decomposition of
organic matter at the sediment-water interface following the reactions [Emerson and Bender,
1981 ]:
(1)

CO2 + CaC03 + H20 .. 2HC03- +Ca2+

(2)

Dissolution of CaC~ is often reported to occur in shelf sediments, even as the overlying
seawater is supersaturated with respect to calcite [Morse and Mackenzie, 1990]. In such a
system, build-up ofHC03-, which would slow down dissolution, is prevented by high benthic
activity. Throughoutthe studied interval the total amount of benthic forams in the 125-5951lm
fraction is low (s==125 shells/cm~ and remained almost constant. This suggest that the system
was not sufficiently closed to prevent mixing with supersaturated bottom waters. However,
the occurrence of pyrite in the grey layer and intercalated sapropel suggests that anoxic
conditions prevailed in the sediment during deposition. In the very early stages of sulphate
reduction, a decrease in pH might be expected, which will result in undersaturation with
respect to most carbonate minerals [Canfield and Raiswell, 1989]. Pervasive sulphate reducing
conditions, however, will produce alkalinity that will enhance the preservation of CaC03
[Morse and Mackenzie, 1990].
Application of the dissolution-during-deposition scenario to the carbonate profile in
the quadruplet would require that about 5.3 wt·% COlI must decompose at the sediment water
interface to explain the decrease in CaC03 from 55 to 21 wt-% within the grey layer and
sapropel, assuming a constant terrigenous flux. Decomposition of such large amounts of COlI
at the sediment/water interface would rapidly exhaust oxygen in the porewater. This would,
in tum, lead to preservation of organic matter and a decrease in carbonate dissolution rates,
eventually enhanced by the alkalinity increase caused by sulphate reduction. Although
decrease in carbonate skeletal parts is observed in all fractions, this is not correlated with an
increase in organic matter. In addition, the dissolution index also shows no correlation with
the organic carbon content, suggesting that organic carbon decomposition did not induce
carbonate undersaturation in the sediment. Moreover, no visible marks are observed on
carbonaceous coccoliths in the fraction <lOllm. Therefore, the decrease ofCaC03 in the grey
layer cannot result from dissolution during deposition.
(b) After deposition of the grey layer, sulphate reduction probably ceased due to the
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diminished supply of reactive organic carbon. This is also indicated by the low pyrite content
in the surrounding white and beige layers. In this situation, replenishment of oxygen in the
sediment may occur, which can lead to the development of a progressive oxidation front. As
a result, oxygen, penetrating into the sediment, will react with reduced iron and manganese,
causing the formation of metal rich layers above the previously anoxic sediment [Pruysers
et al., 1993]. However, progradation of the front will be seriously hampered by the high

organic carbon and pyrite contents that were previously formed in the grey layer. Only after
oxidation of most sulphides and organic matter, the front will progress. Therefore, it is
extremely unlikely that the Mn-rich layer, found in the centre of the grey layer and in which
organic matter and sUlphide are still abundant, would be formed during this stage in
diagenesis. Oxidation of organic matter in this stage can also result in the dissolution of
CaCO) following the reactions I and 2. However, as indicated above, deep penetration of the
oxidation front might not be expected. In addition, in view of the relatively low reactivity of
organic matter, these reactions may be assumed to take place in a closed system. As a
consequence, of the reequilibration of reaction 2, CaCO) dissolution will slow down. Instead
of making a number of assumptions in an effort to calculate the resulting organic matter
decomposition to the observed decrease in CaCO), we prefer to refer to the results of a
natural decomposition experiment. In the Madeira Abyssal Plain, the oxic decomposition of
about 0.6% organic matter has resulted in a 3% decrease in CaCO) content [Thomson et al.,
1993J. Extrapolation to the carbonate cycles under investigation urges for the decomposition
of more than 9% organic carbon to explain the 34% decrease in CaCO), assuming a constant
terrigenous flux. Carbonate dissolution due to acid producing, oxidation of pyrite [Stumm and
Morgan, 1981] in the grey layer did probably not occur because pyrite is also still abundant.
Therefore, carbonate dissolution during the oxic decomposition of organic matter and
sulphides seems unlikely, and the observed decrease in carbonate cannot be explaind by early
diagenesis.
(c) Diagenetic CaCO) dissolution and precipitation could have occurred after burial
caused by interaction with large volumes of formation water. The burial depth of these,
relatively young and near shore sediments most probably did not exceed 300 m, which
virtually excludes large scale diagenetic processes. Furthermore, exchanges with formation
and meteoric water would be marked by significant shifts in 0180 and

o C of the carbonate
13

due to recrystallization or dolomitization. Although a shift to more negative 0"'0 values is
observed in the sapropel, these shifts are small compared with reported values of calcite
recrystallized during burial diagenese [cf. Morse and Mackenzie, 1990J. Moreover, careful
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examination of all shell fractions did not show any signs of diagenetic alteration. Therefore,
the effect of dissolution during burial is thought to be insignificant.
(d) In these sediments, weathering can contribute significantly to the lithological
appearance and chemical alteration [Van Os et ai., 1993]. Especially, in the overlying
quadruplet cycle 106/1 07 in the Punta Piccola section, organic carbon, sulphur and BlJC...
show significant changes at Mn and Fe-enriched levels [Van Os et al., 1993]. This is thought
to be caused by infiltration of acid, meteoric water subsequently followed by transport of
water along highly conductive planes. Oxidation of pyrite and organic matter could have
caused the dissolution of CaC03 (reaction 2) and other constituents. As mentioned before, the
oxidation of pyrite produces acidity and could dissolve large amounts of carbonate. In this
quadruplet, a manganese-rich layer is also found in the sapropel, parallel to the bedding plane
indicating that dissolution may have occurred as is suggested by the shell ratio index.
However, organic matter and sulphur do not significantly decrease at the Mn-enrichment,
suggesting that they were not affected by weathering. In addition, BlJCOIJ shows no variation
within the Mn enriched layer. It is therefore unlikely that significant amounts of carbonate
were dissolved. Summarizing, some dissolution may have occurred during weathering in the
Mn enriched layer but weathering cannot explain variations in CaC03 and C... content in this
quadruplet.
Dilution and productiVity

Dilution is a process commonly used to explain variations in CaC03 in sediments
deposited above the carbonate compensation depth. Geochemical studies of the Trubi and
Monte Narbone Formations as well as the younger sediments of the Vrica section suggest that
dilution with terrestrial clastics played an important role during the formation of the
quadripartite carbonate cycles and sapropels [de Visser et al.,

1989~

Howell et al.,

1990~

Thunell et al., 1991 ~ van der Weijden, 1993]. De Visser et al. [1989] used dilution to explain
the low carbonate content in the grey marls of the Trubi formation. In addition, they
attributed the white and beige, marl beds to periods of high and low carbonate production,
respectively.
It is difficult to distinguish between the effect of dilution and carbonate production

since lower carbonate production and increasing terrigenous accumulation have similar effects
on lithology. The effects of dilution and carbonate production can be demonstrated assuming
constant carbonate input or constant terrigenous input, respectively. The effects of dilution
will be discussed first.
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For the detennination of accumulation rates the terrigenous fraction (f...) was
calculated by:

100-CaCO]-COIB~

the carbonate fraction (f....,) was calculated from the Ca

concentration, assuming CaCO] is the only carbonate mineral present and neglecting the
contribution of aluminosilicate bound Ca. Accumulation rates in gr.cmo2.ky-\, assuming
constant carbonate production and an average sedimentation rate of 4.7 cm.ky-I [Hilgen,
1991], can be calculated for different constituents [M], by:

[M]

ace

(~)
f f) *4.1*p

av~ 1 + --..E!!.!. + ~
f carb

(3)

f Carb

where p= density in g.cm-] (-1.5 g.cm-]). The accumulation rate of constituents [M] during
constant terrigenous accumulation can be calculated by:

[M]:
ace

(~)
*4.1*p
f f)

a v:~1 +

( 4)

carb + --...5!EJl.
f terr

f terr

Dilution: The major result of assuming a constant carbonate accumulation rate is that the

terrigenous accumulation rate was the highest during deposition of the grey layer and
sapropel, and 100% lower during deposition of the white layers (Fig. 7). Such enhanced
terrigenous accumulation in the grey layer would certainly be marked by variations in
mineralogy and grain size. Grainsize measurements of sediments from the Trubi formation
show that a higher proportion of large particles were deposited in the beige beds than in the
white or grey beds [de Visser et al., 1989]. Furthermore, the grey layers were characterized
by a small range in particle sizes suggesting a riverine source. De Visser et al., [1989]
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concluded therefore that during deposition of the grey layer, the carbonate signal was diluted
with river transported terrigenous material. However, if the amount of river borne terrigenous
material doubles in the grey layer, the range in particle sizes would rather increase than
decrease (Fig. 7). Therefore, it is useful to look for provenance indicators of terrigenous
material, assuming that during sapropel formation the source and amount of terrigenous
matter changed. For example, in the Arabian Sea, periods of high terrigenous input coincide
with arid conditions characterized by increased aeolian input and high sediment loads in
rivers.[Shimmield, 1992 and references therein]. Such periods are marked by increasing
grain-sizes and enhanced Ti/AI. Zr/Al and Cr/AI ratio's [Shimmield. 1992]. Our data show
that the Ti/AI, Zr/AI and Cr/AI ratio's are nearly constant (Fig. 5) in the quadruplet and are
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slightly lower in the grey layer and intercalated sapropel, indicating that provenance and
amount of terrigenous material did not significantly changed during deposition of the
carbonate cycle. This is in contrast to the scenario postulated by de Visser et al. [1989].
Another indicator for terrigenous input may be the BI3e from organic matter. Jasper
and Gagosian [1990] showed that B13e... can be used as an indicator of changes in the
provenance of organic matter due to the different B13e values for terrestrial and marine
organic matter. Assuming, a constant carbonate accumulation rate, the C... accumulation rate
gradually increases from 0.15 gr.cm o2.ky 1 in the beige layer to 0.60 gr.cm-2.ky-1 in the
0

sapropel (Fig. 8), and is closely correlated with the terrigenous flux. This may suggest that
the increase in organic carbon was mainly caused by enhanced terrigenous organic matter
supply. However, the enhanced B13C... values (=:: -22.5%0; Fig. 3) in the grey layer and
intercalated sapropel does not support such an extremely influx of terrestrial organic carbon,
since in most sedimentary environments marine organic carbon is considered to be
isotopically heavier than that of carbon delivered to the ocean from terrestrial environments.
Consequently, the low carbonate content and high organic carbon content in the grey
.layer and sapropel cannot adequately be explained by enhanced terrigenous input but rather
:by a constant terrigenous input scenario. Variations in biogenic carbonate content must then
be explained by changes in productivity (Fig. 7).

Productivity: The major result of assuming a constant terrigenous accumulation rate is that

the carbonate accumulation rate was the highest during deposition of the white layers,
mtermediate in the beige layer and lowest in the grey layer and intercalated sapropel (Fig.
.7). Based on increased planktonic abundances and high carbonate content in the white beds,

:Thunell et al. [1991] postulated that the white carbonate-rich beds of the Trubi formation
:were formed during periods of enhanced paleoproductivity. In the sediments under
investigation, this considerable increase in carbonate and calcareous fossils of the various size
'fractions is also observed (Figo 6). In this section we test the hypothesis that these white
,layers were expressions of high paleoproductivity.
A direct method for estimating paleoproductivity is to calculate the organic carbon
flux to the sediment from the C... content. Export productivity is commonly used for
describing the amount of organic matter that leaves the photic zone [Berger et al., 1989]. We
:have computed the paleoproductivity (paP) according to the empirical transfer equation for
Pleistocene paleoproductivity from Maller and Suess [1979]:
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PaP--Cp(I-C1»/0.0030So.3

(5)

where S= sedimentation rate assuming constant terrigenous input, <I>= sediment porosity, C=
wt-% organic matter and p= dry sediment density (l.5 gram.cm·~. We assumed a constant
terrigenous input accumulation as a first approximation (c.f. section dilution). In addition,
present-day sediment porosity is assumed zero. The PaP estimate varies from 350 grC.m·2.yr
in the sapropel to 150 grC.m·2.yr in the white layer and 60 grC.m·2.yr in the beige layer. The
PaP values in the grey layer are extremely high compared to present day productivity found
in the eastern Mediterranean basin but are at the same level as those found in modem
upwelling regions in the Arabian Sea [Murray and Prell, 1992] and Peruvain coast [Schrader,
1992].
To bypass the effects of decomposition or enhanced preservation of organic matter
on the PaP estimates, one may use a tracer for paleoproductivity that is not affected by
diagenesis, such as Barium [Goldberg and Arrhenius, 1958; BostrOm et al., 1973; Church,
1979; Brumsack, 1986; Calvert, 1983; Schmitz, 1987; Klinkhammer and Lambert, 1989;
Dymond et aI., 1992]. Barium is a good indicator for export production of marine organic
matter because it is removed by organic particles from the photic zone [Bishop, 1989; Dehairs
et al., 1987]. While organic matter may be decomposed in the watercolumn or in the
sediment, the Ba signal can be preserved in the sediment. Diagenetic remobilization of Ba
is reported to occur under pervasive anoxic conditions [Brumsack, 1986; Van as etal., 199).].
Although sulphate reducing conditions were developed in the sediment during deposition of
the sapropel, as suggested by the presence of ironsulphides, the Ba distribution does not
indicate remobilization. The small decrease of Ba found at the Mn enriched zone does,
however, indicate that some remobilization of Ba has occurred during weathering. Dymond
et aI. [1992] developed a method to estimate the organic matter flux to the sediment from the
Ba content. We have applied this method by computing the biological Ba fraction (equation
6) and the organic carbon flux (equation 7) according to Dymond et aI. [1992]:
(6)

The BatAloluminooilicate was calculated by assuming that 10% of Ba in the quadruplet is coupled
to the aluminosilicate fraction. This value is based on Dehairs and coworkers [1987]. They
found that about 90% of barite found in the western Mediterranean was of biological origin.
The BatAl olaminooili.... ratio used in this study is much lower than the value used by Dymond
et al. [1992]. This can be explained by higher volcanic contributions in the Pacific and
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Atlantic Ocean from Mid Ocean Ridges. The most important source for terrigenous bound
Ba in the Mediterranean is dust from the Sahara [Dehairs et al., 1987].
Flux-COlI

= 2S*(Babi-J/(0.209 10g(MAR) - 0.213)

(7)

where MAR is the mass accumulation rate and Babi...- is the biological Ba accumulation rate.
The COlI-flux derived by the Ba
method (hereafter COII-Ba flux) of
Dymond et aI.

[1992]

is in

o

reasonable agreement with the

Cory-flux (J,lQr.an-2.yr-1)
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Cause ofproductivity changes
The increase in paleoproductivity is accompanied by elevated percentages of the
planktonic foraminiferal species G. puncticulata. This species disappeared from the
Mediterranean and North Atlantic at about 2.41 Ma [Zachariasse et al., 1990; Zijderveld et

al., 1991]. The successor of this species, G. inflata. proliferates in temperate regions during
winter [e.g. Tolderlund and Be, 1971] when deep stirring cools and eutrophicates the mixed
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layer, or during periods of coastal upwelling. Coastal upwelling in temperate regions occurs
for instance along the Iberian coast during summer. G. inflata shows elevated percentages
during coastal upwelling. Within the upwelling centre, however, G. bulloides and T.
quinqueloba are more abundant [compare plankton haul data of Be and Hamlin, 1967 with

coastal upwelling conditions of Wooster et aI., 1976]. We assume that G. puncticulata had
similar habitat characteristics as G. inflata, although some evidence exists that this species
thrived at slightly higher temperatures [Kennett and Srinivasan, 1983; Loubere and Moss,
1986]. Both G. inflata and G. bulloides reach maximum abundances in slightly younger
sapropels at Monte Singa [Lourens et aI., 1992]. Within the modern Mediterranean, G. inflata
is most frequent in the moderately cool western basin and has an abundance maximum in the
Alboran Sea [Thunell, 1978]. Unfortunately, studies of seasonal variations in the abundance
patterns of planktonic foraminifers in the Mediterranean area are scarce. Nevertheless, some
preliminary results from the Ligurian Sea [northern part of the western Mediterranean Sea],
shows that G. inflata thrives in this region during February to May [Glacon etal., 1971]. The
major oceanic feature in this region is the existence of a permanent cyclonic circulation of
the surface waters. In winter, intense vertical convection occurs within the central zone and
cooled dense surface waters mix with the underlying Levantine Intermediate water [Medoc
Group, 1970; Killworth, 1976; Gascard, 1978], resulting in the nutrification of the mixed
layer. Remote sensing data of algal pigments of the upper ocean layer [Morel and Andre,
1991] demonstrate that during winter, the short residence time of algae in the photic zone
prevents efficient uptake of nutrients and biomass development. Progressing in the year, the
surface layer becomes more stable, and upwelled nutrients can be utilized. The algae bloom
starts mid-April and reaches its maximum in early May. It seems, therefore, plausible to
conclude that the high abundances of G. inflata are linked to this spring bloom. In addition,
the Alboran Sea is also an area of high primary production [see Vergnaud-Grazzini and
Pierre, 1991 for an overview]. The algae distribution in this area is directly linked to the
circulation of the Atlantic waters entering the Mediterranean Sea [Morel and Andre, 1991]
which results in the development of a frontal system along the Almeria-Oran transect in the
east and an upwelling system on the southwest Spanish coast, near Malaga. All evidence
together suggests that G. inflata thrives in relatively high primary productivity regions in the
western Mediterranean. The habitat conditions for G.inflata are optimal during stabilization
of the surface layer, shortly after deep winter mixing and subsequent eutrophication of the
mixed layer.
Although at present, such processes are primarily registered in the western basin. It
can be speculated that these processes also periodiccaly extended into the eastern
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Mediterranean during fonnation of late Pliocene and Pleistocene sapropels. Sapropels were
deposited at times when the precession index reached minimum values, indicating that
perihelion occurred in Northern Hemisphere summer [Rossignol-Strick, 1985; Prell and
Kutzbach, 1987; Hilgen, 1991]. This orbital configuration implies that winter insolation
decreases, whereas summer insolation increases resulting in a larger seasonal contrast. This
increase in seasonal contrast may have caused intensified winter mixing and resulting
nutrification of the euphotic layer and enhanced primary productivity along the northern
margin of the entire Mediterranean.
In addition, the increase in summer insolation led to an intensification of the Indian
Ocean's summer monsoon, resulting in increased freshwater discharge via the river Nile into
the Mediterranean [Rossignol-Strick, 1983]. Precipitation in the northern borderlands of the
eastern Mediterranean seems to have increased as well at times of sapropel fonnation
[Rossignol-Strick, 1987; see Rohling and Hilgen, 1991 for a review]. This increase in runoff
will enrich the basin with more nutrients and should also have caused enhanced primary
production. Evidence in the marine record of increased river discharge at times of sapropel
fonnation comes from significant shifts to lighter surface water 8. 80 values [Vergnaud
Grazzini et al., 1977; Thunell and Williams, 1989]. Similar shifts are also recorded in the
grey and sapropel layers of the Pliocene cabonate cycles [Gudjonsson and van der Zwaan,
1985; Lourens et al., 1992] and is also observed in the grey layer (Fig. 3). The relationship
between sapropel fonnation and enhanced runoff has been convincingly demonstrated for the
youngest, Holocene sapropel S. [Rossignol-Strick et al., 1982, 1985] and Ss, which fonned
within isotopical stage 5e [Wijmstra et al., 1990; Mckenzie, 1993]. Van Os and Rohling
[1993], however, argued that the oxygen isotope depletions are not caused primarily by an
increase in the freshwater input, but should more likely be the result of a reduction in the
excess of evaporation over precipitation and runoff, and variations in volume of exchange
through the Strait of Sicily and the isotopic composition of the inflow. The balance between
excess precipitation, runoff and evaporation is detennined by variations in local humidity,
which is linked to the activity of Mediterranean depressions [Rohling and Hilgen, 1992]. The
reduced excess evaporation should have led to shoaling of the pycnocline into or within the
euphotic layer leading to the development or intensification of the Deep Chlorophyll
Maximum [DCM] and enhanced primary production [Rohling and Gieskes, 1989; Castradori,
1993].
Nutrient concentrations will further be enhanced by the reduction of the eastern
:Mediterranean deep water ventilation. In addition, erosion of the pycnocline is facilitated by
its general shallower position as well as by severe winter mixing, both resulting in enhanced
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eutrophication of the mixed layer. When the surface layer becomes more stable, the enriched
nutrient concentration will be trapped, resulting in a productivity increase. The pycnocline
shoaling is possibly recorded by the 813C of G.rober, which shows a shift to lower values in
the white beds with a distinct minimum in the sapropel (Fig. 3). A decrease in 8 13C values
is generally attributed to upwelling of cold nutrient rich water depleted in 13C [Curry et al.,
1992]. In case of the formation of quadruplet cycles and sapropels, this depletion in 8 13C can
be caused by the gradual shoaling of the pycnocline and associated nutricline into the photic
zone, enhancing the influence of 813C depleted - and more nutrient-rich - intermediate water.
Note that these 8 13C shifts are common in Late Pleistocene sapropels [Fontugne and Calvert,
1992] as well as in Pliocene sapropels [Gudjonsson and van der Zwaan, 1985]. Previous
studies, contributed 813C shifts in sapropels to enhanced freshwater supply with a 813C of
about -10%0 [Gudjonsson and van der Zwaan, 1985; Fontugne and Calvert, 1992]. However,
the contribution in HC03' and 8 13C of the Nile and other rivers are probably insignificant
when compared with the western Mediterranean inflow of HC03' as has been shown in a
similar fashion for 8 180 by Van as and Rohling [1993].
The carbonate content seems to correspond to the derivative of the Ba and COIJl
content (Fig. 3): the largest changes in productivity coincide with the highest carbonate
contents. This shift from intermediate productivity in the white layers to high productivity
in the grey layers is marked by very rapid decreases in the amount of calcareous fossils
except for G. puncticulata (Fig. 3). Evidently, carbonate production decreases while total
production is significantly enhanced (Fig. 9). Modem upwelling areas give some evidence for
a possible explanation of this process. For example, results of the Multitracers project [c.f.
Welling et al., 1992; Ortiz and Mix, 1992] suggest that upwelling is characterized by
enhanced primary production and dominance of opportunistic species such as diatoms.
Furthermore, high primary production is mostly preceded by enhanced carbonate production,
which significantly decreases during periods of high primary production [see for example
Shimmield et al., 1990; Ortiz and Mix, 1992; Hay and Brock, 1992]. Consequently, as
fertility increases, siliceous plankton and opportunistic calcareous planktonic species, such
as G. puncticulata, G. inflata and G. bulloides, replace the non-opportunistic calcareous
plankton taxa and burial of organic carbon increases. Such collapse of carbonate production
is enhanced by physical changes [for example lower temperature and higher wind velocities]
during an upwelling event, promoting the growth of more tolerant, opportunistic species
[Thunnel and Sautter, 1992; Mix, 1989]. This pattern is also recognized in global maps of
paleoproductivity, where high productivity areas are characterized by high silica and organic
carbon contents that are surrounded by carbonate rich sediments in lower productivity zones
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[Bishop, 1989].
If we apply this to the carbonate quadruplet cycle, the beige layers represent periods
of low paleoproductivity, although supply of wind-blown material from African sources may
have played an additional role [de Visser et oJ., 1989] in lowering the CaCO) content. During
deposition of the white layers productivity increased to values comparable to those off
carbonate rich deposits around high productivity

upwelling areas.

Successively,

paleoproductivity reached maximum values in the grey layer and sapropel with values similar
to modem high productivity areas. Sediment accumulation during deposition of the grey layer
and sapropel was characterized by enhanced input of (marine) organic matter and decreased
carbonate accumulation rates, caused by the replacement of calcareous organisms by more
opportunistic (siliceous) species (Fig. 7).
Opal derived from siliceous organisms is not found in the grey layer and intercalated
sapropel. This is similar to observations in eastern Mediterranean Late Pleistocene sapropels,
that are absolutely devoid of any opal [E. Erba and H. Schrader, pers comm] except for
sapropels found in the eastern part of the eastern Mediterranean [Schrader and Matherne,
1981]. An explanation for this is that under oxic or intermittent oxic/anoxic sedimentation,
opal will rapidly dissolve due to undersaturation of silica in the watercolumn and pore water
[Hurd, 1973].
High productivity and opal accumulation can be also inferred from studies from Late
Pliocene laminated diatom containing sediments from the Capo Bianco section [Calabria,
southern Italy] [Rio et al., 1991], Heraklion area on Crete [Greece] [lookers. 1984], and
younger deposits from the Gela and Vrica sections [Howell et al., ] 988; Van der Weijden,
]993]. Field observations in the Bianco area indicate that these layers enriched in biogenic

silica are intercalated in the grey layers of the carbonate cycles [Hilgen, field observations].
In addition, the periodically intercalated diatomaceous layers in the white marls found on

northern Crete are time-equivalent with the sapropel in the carbonate cycle we have studied.
lookers suggested that these layers were formed during episodes of increased runoff and
associated increase in primary production. Occurrences of opaline silica in these sediments
can be caused by high production and accumulation rate possibly enhanced by persisting
anoxic bottom water conditions.

116

sapropel formation: diagenesis, dilution and productivity
CONCLUSIONS
-The formation ofsapropels and carbonate cycles in the late Pleistocene and Pliocene
have common causes and is primarily controlled by variations in productivity.
-Changes in carbonate content are mainly due to changes in productivity. During
high productivity carbonate production collapsed, due to outcompetence by more
opportunistic species, which probably were also more tolerant towards rapidly changing
physical conditions. Enhanced terrigenous input may have existed during deposition of the
beige, low productivity type, layers.
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SAMENVATTING

Onderzoek aan marlene sedimenten beeft de laatste decennia een grote vlucbt
genomen. Het belang van dit onderzoek ligt vooral besloten in bet vermogen van
sedimenten om klimatologiscbe en milieu veranderingen nauwkeurig te registreren. De
informatie die in sedimenten ligt opgeslagen is noodzakelijk voor bet voorspellen van
klimatologiscbe veranderlngen in de toekomst. Met andere woorden, bet verleden kan ons
de sleutel tot de toekomst geven.
Signalen in sediInenten zijn onder te verdelen in twee groepen: 1. Primaire
signalen, die worden veroorzaakt

door veranderingen in berkomst en boeveelheid van

terrigene en biologiscbe componenten en 2. secundaire signalen die ontstaan na afzetting.
Deze secundaire signalen kunnen ontstaan als bet gevolg van veranderingen in primaire
signalen of door exteme omstandigbeden.
Dit proefschrift behandelt de oorzaak van primaire en secundaire signalen en de
interacties tussen deze primaire en secundaire signalen in marlene sedimenten van de
Middellandse Zee en de Noord Atlantische Oceaan.
In de Middellandse zee worden, vooral in het oostelijke gedeelte, lagen gevonden

met een boog gehalte aan organische stof, zgn. sapropelen (Gr. sapros=rottend). Deze
lagen worden veel onderzocht omdat ze een duidelijke velWantschap vertonen met zwarte
scbalies uit bet Krijt, die worden gezien als belangrijke oliemoedergesteenten. In
hoofdstuk 2 wordt het gedrag van de zuurstof isotoop verhouding (alSO) die is vastgelegd
in planktonische foraminiferen onder de loep genomen. Ret samenvallen van relatieve
verarmingen in het zware

18

0

isotoop met de sapropelen weed altijd gebruikt als bet

bewijs voor het bestaan van een dunne zoetwaterlaag. Zo'n laag is noodzakelijk om een
omkering van de watercirculatie in de Middellandse Zee te verklaren, die werd gezien als
de oorzaak voor sapropeel vorming. In hoofstuk twee wordt echter berekend dat de lage
waaeden van

al80

ook verklaard kunnen worden aan de band van het buidige

stromingpatroon in de Middellandse Zee.
Organiscb materlaal kan worden gezien als een primair biologisch signaal in bet
sediment. De beschikbaarheid van reactief organisch materiaal vormt de basis voor de
voomaamste biogeochemiscbe reacties in het sediment tijdens de vroege diagenese. Deze
reacties zijn de oorzaak van verschillende s.ecundaire signalen. De afwisseling van
organisch rijke en organisch anne lagen heeft er toe geleid dat de diagenetische condities
sterk wisselden. Om dit systeem Soed te beschrijven kan de vroege diagenese bet beste
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worden opgesplitst in drie fases. Gedurende fase 1 wordt de organisch rijke laag afgezet
en treedt er sulfaat reductie op, wat leidt tot anoxische condities in deze laag. Fase 2
wordt gekarakteriseerd door zuurstofrijke condities en het ontstaan van een progressief
oxidatie front gedurende de afzetting van organisch arm sediment. Als laatste worden,
gedurende fase 3, suboxische condities bereikt gedurende de begraving van het sediment.
Deze conditie ontstaat als er een nieuwe organisch rijke laag wordt afgezet, die het
onderliggende sediment afsluit van zuurstof. In hoofdstuk 3, 4 en 5 worden
vroeg-diagenetische veranderingen besproken die volgen uit deze opeenvolgende fases.
In hoofdstuk 3 wordt de mobilisatie en verrijking van barium behandeld. Ba is
-als primair signaal- een veel gebruikte palleo-indicator voor primare productiviteit. Wij
verkJaren de distributie in het sediment van Ba door: oplossing van primaire bariet
gedurende fase 1, gevolgd door neerslag in fase 2 en conservering van secundaire bariet
in fase 3.
Het samenvallen van omkeringen van het aardmagneetveld met Iithologische
afwisselingen van organisch-rijke en organisch-arme lagen suggereert dat vorming van
secundaire magnetiet heeft plaatsgevonden (Hoofdstuk 4). Na toepassing van het drie
fasen scenario vall af te leiden dat de richting van het aardmagneet veld wordt vastgelegd
gedurende fase 1 door primaire magnetiet. In fase 2 worden ijzer en mangaan verrijkt als
gevolg van het indringen van een progressief oxidatie front. Secundaire magnetiet wordt
gevormd gedurende fase 3 en zal, na een omkering van het aardmagneetveld, de nieuwe
richting registreren. Secundaire magnetiet vorming treedt vooral op in de eerder gevormde
ijzerverrijkingen onder suboxische condities en kan zodoende het tijdstip van omkering
antedateren.
In hoofdstuk 5 wordt de vorming van twee types metaalverrijkingen in
sedimenten van de Noord-Atlantische Oceaan behandeld. De vorming van type 1
metaalverrijkingen begint gedurende fase 2. In deze fase precipiteren ijzer- en mangaan
oxides met daaraan gekoppelde sporenmetalen als reaktie op het indringen van een
progressief oxidatie front. Daama treedt er in fase 3 oplossing van deze ijzer- en
mangaan- oxides op waarbij de sporenmetalen in oplossing komen. Deze slaan vervolgens
neer ten gevolge van redox-potentiaal verschillen. Koper en zwavel zijn de voomaamste
elementen die geassocieerd worden met het tweede type metaalverrijkingen. Verrijkingen
van deze elementen treden op in fase 3 en zijn waarschijniijk gekoppeld aan geleidelijke
veranderingen van de redox potentiaal.
Tot dit hoofdstuk is alleen gekeken naar secundaire signalen die veroorzaakt zijn
door variaties in primaire signalen. In hoofdstuk 6 wordt gekeken naar secundaire
signalen die hun oorzaak hebben in exteme veranderingen, in dit geval opheffing en
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verwering. Primaire signalen, mals het organische koolslof gehalte,

al3c""

en carbonaat

gehalte, en secundaire signalen die gevormd zijn gedurende vroege diagenese, mals pyriet
worden aangetast door verwering. Het blijkt dat verwering kan leiden tot een sterke
afuame van het gehalte aan organische slof en pyriet, en een verlaging van de

aI3c"".

De

ijzer en mangaan gehaltes daarentegen nemen sterk toe in de verweringslaag.
Als laatste worden in hoofdstuk 7 de effecten van primaire en secundaire signalen
gelhtegreerd om de vorming van Pliocene sapropelen en carbonaat cycli te verklaren.
Gebruik makend van verschillende primaire signalen, zoals de hoeveelheid foraminiferen
per 800rt en gewichtklasse, organisch koolstof gehalte en hoeveelheid terrigeen materiaal,
en secundaire signalen veroorzaakt door verwering en vroege diagenese, tonen we aan dat
de ontwikkeling van deze carbonaatcycli en sapropelen een biologische oorzaak hebben.
Recente studies naar het ontstaan van Laat Pleistocene sapropelen bevestigen deze
resultaten. Dit is in tegenstelling tot voorgaande studies naar het ontstaan van Pliocene
carbonaatcycli waarin de variaties in het carbonaat gehalte werden verklaard door
verdunning met terrigeen materiaal of door diagenetische oplossing.
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