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16. THE TRACE ELEMENT BUDGET OF THE EASTERN MEDITERRANEAN
DURING PLIOCENE SAPROPEL FORMATION?
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ABSTRACT

Geochemical data are presented from an organic-carbon-rich Pliocene sapropel (i-282) from three different Leg 160 sites
(Sites 964, 967, and 969). The geochemical characteristics of this sapropel are comparable to those of previous studies, except
for the very high organic carbon and trace element contents. The high organic carbon is explained by both increased productiv-
ity and improved preservation. Estimates of the trace element budget during formation of this sapropel suggest that a marine
trace element source must have been most important. Other sources that contributed are river input and diagenesis; eolian input
and hydrothermal activity can be disregarded. Most trace elements that were supplied to the Eastern Mediterranean during the
formation of this sapropel probably ended up in the sediment. Thus, an effective mechanism of transfer of these elements from
seawater to sediment was operative. This mechanism is thought to be scavenging by organic matter and sulfides under wide-
spread anoxic conditions. Results of analyses of Sapropel i-292 from Sites 964, 966, and 967 were similar, thus these character
istics are not unique to the i-282 sapropel.

INTRODUCTION We present data from a Pliocene sapropel that has very high or-
ganic carbon (up to 27 wt%) and trace element contents. These data

Eastern Mediterranean Neogene sediments are characterized by yviII be used to estimate a trace element budget for the Eastern Med-
the cyclic occurrence of organic-rich layers: sapropels, laminites, or ~ itérranean during the formation of this sapropel.
“gray layers” in carbonate cycles. Langereis and Hilgen (1991), for
example, demonstrated that cyclicity in Mediterranean sediments MATERIALSAND METHODS
correlates to variations in the eccentricity of Earth’s orbit and the
obliquity and precession of Earth’s axis. Because of the dominance ) ) .
of precession in this area, one cycle of organic-rich sediment (subse- 1he sapropel selected for this study is from MPRC Cycle 282 (i-
quently referred to as sapropel) and homogeneous sediment depd&2): astronomically dated at 2.943 Ma, late Pliocene (Piacenzian;
tion lasts 23 k.y., on average. Studies of these layers are performegurens etal., 1996). It can be identified unambiguously in Sites 964,
either on recent sapropels recovered from the seafloor by gravity©7, and 969 (L. Lourens, pers. comm., 1997). This sapropel will be
coring techniques (e.g., Rossignol-Strick et al., 1982; Calvert, 19g§ompared with that of MPRC Cycle 292 (i-292), dated at 3.058 Ma
Thomson et al., 1995), or on Pleistocene and older sediments fouﬂepurens etal., 1996).. The .|ntervals selected and abbreviations used
in sections on land, mostly on Mediterranean islands such as Sicil{p describe them are listed in Table 1. ) i
Crete, and Gavdos (e.g., Van der Weijden, 1993; Van Os et al., 1994; Slices 0.5—2_ cm thick were cut _from the spllt_ cores using Teflon
Nijenhuis et al., 1996). In both cases, sapropels are characterized ifters. The slices were freeze dried, after which subsamples were
a decrease in the carbonate fraction, an increase in the clay fractiéR<€n- These subsamples were crushed and homogenized in an agate
and organic carbon contents generally on the order of a few percefffortar, and subsequently used for all further geochemical analyses.

During Ocean Drilling Program (ODP) Legs 160 and 161 to the Before gind after removal of inorganic carbon using 1 M HCI, car-
Eastern and Western Mediterranean, hydraulic drilling technique@on and nitrogen contents were measured using a Fisons NA 1500
were used to obtain not only the younger sapropels, but also oldBiCS analyzer. The carbonate content of the samples was approxi-
(down to lower Pliocene) sediments from the seafloor. During Lednated by converting alli(g4 (Co—Corg) to CaCQ. The stable carbon
160, the striking observation was made that some of the recover&ftOPe composition of the organic mattd¥C,,) was determined
Pliocene sapropels have very high organic carbon contents, up to 30
wit% (Emeis, Robertson, Richter, et al., 1996). Sediments with such Table 1. Specification of theintervals used in this study.
high organic contents are also often enriched in trace elements, in-

: : : : : Core, section, Sapropel
cluding Co, Cr, Cu, Mo, Ni, V, and Zn. A thorough |nvest|gat|qn of . intenval cm)  location (om)  Abbreviation  Cydle
these trace element occurrences can reveal paleoceanographic condi-
tions at the time of sediment deposition. Successful examples are the 160-964D- )
trace element budget calculations performed for several black shales 10H-1,90-1325  103-110  964D1071  i-282
. R 160-967C-
(Arthur et al., 1990; Brumsack, 1980, 1986), and for the Gulf of Cal BH-1 95151 114130 967C8/4 282
ifornia and the Black Sea (Brumsack, 1989).
160-969E
6H-6, 19-52 26-40 969E/6 i-282
160-964E-
- 6H-5/6, 128-045 513 964E6/5 i-292
1Robertson, A.H.F., Emeis, K.-C., Richter, C., and Camerlenghi, A. (Eds.), 1998. 160-966C-
Proc. ODP, ci. Results, 169: College Station, TX (Ocean Dri[ling Program). o 5H-3/4, 135-025 147-016 966C5/3 i-202
2Institute of Earth Sciences, Department of Geochemistry, Utrecht University,
Budapestiaan 4, PO. Box 80.021, 3508 TA Utrecht, The Netherlands. ian@earth.ruu.nl e 68 s oercEls 0w
3Institute of Chemistry and Biology of the Marine Environment, Department Micro- '
biogeochemistry, Oldenburg University, PO. Box 2503, 26111 Oldenburg, Federal
Republic of Germany. Note: Cycle coding after Lourens et a., 1996.
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using a Stable Isotope Ratio Analyzer (VG SIRA 24) and is reported Carbonates are strongly depleted in the sapropels, decreasing from ~65
relative to the PeeDee belemnite (PDB) standard (%o). wt% in the homogeneous intervals to less than 25 wt% in intervals rich

For major, minor, and trace element analyses, a 250-mg samgletotal organic carbon (TOC). Aluminum (Fig. 1), which can be con-
was digested in 10 mL of a 6.5:2.5:1 mixture of HZED%), HNG sidered representative of terrestrial components, shows complex pro-
(65%), and HO, and 10 mL of HF (40%) at 90°C. After evaporation files for most intervals. The Fe:Al and S profiles (Fig. 1) show good
of the solutions at 190°C on a sand bath, the dry residue was diserrelation. (Terrestrial and trace elements are presented as ratios to Al
solved in 50 mL of 1 M HCI. The resulting solutions were analyzedo correct for dilution effects.) The highest contents of the trace ele-
with a Perkin Elmer Optima 3000 inductively coupled plasma-atomienents As, Cd, Co, Cr, Cu, Mo, Ni, Sh, Se, V, and Zn (Fig. 2) are
emission spectrometer (ICP-AES) to measure Al, Fe, S, Ba, Mn, Maeached within the sapropels; however, in several cases, elevated trace
V, Cu, Co, Ni, Zn, and Cr. As, Se, and Sb were measured in the saralement contents also occur in homogeneous intervals. The Mn:Al
solutions using a Perkin Elmer 3100 hydride-atomic absorption spegrofile (Fig. 1) is characterized by a decrease in the sapropels.
trometer (AAS); Cd was measured using a Perkin Elmer 4100 ZL
ZGFAAS.

All results were checked using international (a.0. SO1, MAG-1) DISCUSSION
and in-house (MMM 91) standards. For organic carbon and total ni-
trogen analyses, relative standard deviations in duplicate measure- Although the geochemical patterns of the sapropels of this study
ments are less than 6%; fB#C, they are less than 1%. ICP duplicate are typical of Mediterranean sapropels, such higha@d trace ele-
measurements have relative standard deviations greater than 4% foent values have not been reported previously (Calvert, 1983; Suth-
all elements presented. As, Se, Sb, and Cd were measured in triggiland et al., 1984; Pruysers et al., 1991; Van der Weijden, 1993;
cate. Relative standard deviations for As and Cd are always beloWhomson et al., 1995; Nijenhuis et al., 1996).
5%; for Se and Sb, they are below 10% for sediment contents over 1 Organic carbon enrichment in sapropels has been explained by

ppm. two fundamental mechanisms:
1. increased production of marine organic matter and/or en-
RESULTS hanced input of terrestrial organic matter (e.g., Calvert, 1983;
Pedersen and Calvert, 1990), or
The results for interval 160-964D-10H-1, -9B82.5 cm, are 2. improved preservation of organic matter as a result of bottom-
shown graphically (Figs., 2); because the patterns for the other three water anoxia (e.g., Olausson, 1961; Cita et al., 1977; Demai-
intervals are similar, only mean and extreme values are given (Table son and Moore, 1980).

2).

Organic carbon (Fig. 1) is enriched in the dark intervals, reaches Evidence that has been adduced for increased productivity com-
values of 15 wt% in interval 967C8/4 (Table 1) and of more than 2%prises occurrences of eutrophic planktonic foraminiferal species and
wit% in the other two intervals. These high,@alues are accompanied increased concentrations of barium, an indicator of geochemical pa-
by higher C:N values (up to 23), low&?C values (down to —24%. leoproductivity. Plausible arguments for anoxic bottom-water condi-
PDB), and high Ba contents (up to 1400 ppm in interval 969E6/6)ions include the occurrence of laminae in the sapropels, more
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Figure 1. Organic carbon, C/N value, 53C (PDB), carbonate, Ba, Al, S, Fe/Al, and Mr/Al profilesin interval 964D10/1. All percentages are weight percentages.
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Figure 2. As, Cd, Co, Cr, Cu, Mo, Ni, Sh, Se, V, and Zn profilesin interval 964D10/1. All trace elements are shown asratiosto Al (ppm/wt%) to correct for car-

bonate dilution effects.

Table 2. Average and extreme contents of organic carbon (wt%) and trace elements (in ppm) in the sapropels, and homogeneous intervals (averages

only) of thisstudy.

Sample C-org As Cd Co Cr Cu Mo Ni Sb Se \Y Zn
964D10/1
Mean sapropel 153 112 34 76 182 264 195 317 26 29 1317 115
Maximum sapropel 253 297 65 147 265 388 392 727 37 44 2235 142
Mean homogeneous 0.1 20 0.3 12 54 47 13 36 3 0.2 99 120
967C8/4
Mean sapropel 8.4 58 3 48 77 110 202 183 8 22 555 90
Maximum sapropel 154 88 8 75 9% 138 410 251 17 38 884 114
Mean homogeneous 0.1 22 0.1 19 46 48 32 51 2 0.4 99 55
969E6/6
Mean sapropel 17.7 41 31 37 168 207 407 299 9 24 1937 163
Maximum sapropel 27.3 62 88 66 197 334 728 382 14 36 3575 181
Mean homogeneous 0.2 13 0.1 14 9% 53 16 80 2 1 99 135
964E6/5
Mean sapropel 12.0 22 112 245 265 151 280 923 121
Maximum sapropel 24.2 55 206 414 378 363 379 2061 161
Mean homogeneous 0.1 0.1 19 45 47 6 40 75 43
966C5/3
Mean sapropel 6.0 1 22 47 74 133 101 340 57
Maximum sapropel 116 3 46 61 137 295 159 797 42
Mean homogeneous 0.3 0.1 0 38 31 7 37 84 86
967C8/6
Mean sapropel 132 8 35 76 135 224 174 918 98
Maximum sapropel 20.3 18 59 90 177 515 327 1630 144
Mean homogeneous 0.2 0.2 17 57 51 13 49 126 58

negative &0, values of planktonic foraminiferal tests (indicating
a low-salinity surface-water layer that reduces deep-water circula-
tion), and higher concentrations of redox-sensitive and chal cophilic
trace elements. Because the sapropels in this study show indications
for both increased productivity (high Ba contents) and better preser-
vation (laminae, high trace element concentrations), both factors
were probably important during sapropel formation.

The enrichment of trace elementsin marine sediments may origi-
nate from five different sources:

1. super- and subjacent sediments, through diagenesis;

hydrothermal vents;
windborne input;
rivers; or

seawater.

ghrwpd

By discussing these sources separately, we will attempt to deter-
mine which factors contributed to the extreme enrichments observed
inthei-282 sapropel. To assesstheir relative importance, thetrace el-
ement budget of the Eastern Mediterranean during the formation of
this sapropel will be approximated. The accompanying calculations
will be simplified by taking the average composition and thickness of
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the sapropel at the three sites and interpolating and extrapolating its ~ Table 3. Contents obtained when averaging out the trace element con-
occurrence between and around these locations. The sites span most tentsin intervals 964D10/1, 964E6/5, 966C5/3, 966C5/4 (160-966C-5H-4,
of thewidth of the Eastern M editerranean, but we will leave one third 25-65 cm), 967C8/4, 967C8/6, 969E6/1 (160-969E-6H-1, 110-150 cm,
of the sea uncovered to account for aress (e.g., shallow) in which combined with 160-969E-6H-2, 0-20 cm), and 969E6/6.

sapropels may be less well developed.

It would be convenient to know the duration of sapropel forma- Interval  Cd  Co Cr  Cu Mo  Ni v Zn
tion. Calculating this period from a46-cm-thick cycle, a12-cm mean 0640101 9 23 75 8 41 83 209 119
sapropel thickness, and the 22-k.y. duration of Cycle 282, avalue of 964E6/5 2 29 68 72 27 68 173 B2
5.7 k.y. is obtained. This method, however, does not allow for differ- Seecss T -
ences in sedimentation rate or diagenetic changes in thickness. Tak- 967C8/4 1 27 54 64 92 84 213 &4
inai i i i i - 967C8/6 4 26 66 93 116 110 512 77
ing into account adecrease in sedimentation rate_durl ng sapropel for oeoEes = > o 2 e o a
mation, Wehausen and Brumsack (Chap 17, this V0|Um9) calculate 9G9E6/6 23 127 119 182 173 879 147

sapropel-duration estimates of 2—6 k.y. for Pliocene sapropels from
Site 967. Estimates for the duration of the most recent sapropel (S1)Note: All numbers arein parts per million.

which can be dated directly, but is strongly affected by diagenetic

thinning, are between 3 (Hilgen et al.,, 1993) and 4 k.y. (Van

Santvoort et al., 1996). Thus, we cannot approximate the duration @drs can only be explained by carbonate dissolution during diagene-

the i-292 sapropel any better than between 3 and 6 k.y. sis. Carbonate dissolution probably also was important in the
sapropels at the other sites. The removal of ~30% G#B© aver-
Super- and Subjacent Sediments, Through Diagenesis age difference between sapropel and homogeneous sediment from alll

intervals) will increase the trace element content in the sapropels by

During formation, the sapropels are anoxic sulfidic (Passier et alg factor of 1.4, unless large amounts of Ca are reprecipitated as gyp-
1996; Passier and de Lange, Chap. 20, this volume), whereas the Bam. However, only limited amounts of gypsum were found (Passier
mogeneous sediments beneath are postoxic (Van Santvoort et a@nd de Lange, Chap. 20, this volume). The factor of 1.4 is not used in
1996). The sapropels may, therefore, act as sinks for chalcophilic eur calculations as these are performed using total trace element
ements (which coprecipitate with Fe sulfides) and redox-sensitive etfuantities rather than concentrations.
ements (which are immobilized under anoxic conditions), which are Opal has not been measured in our samples, but is probably absent
mobilized in the postoxic parts of the sediment (e.g., Thomson et abgcause this mineral readily dissolves under normal marine condi-
1995). In this way, trace elements can become enriched in th@®ns. However, when the sapropel was formed, it may have con-
sapropels. However, the sapropels may also be affected by a dowained the high amounts of opal typically associated with sediments
ward-moving oxidation front (“burn-down front”). This occurs when, underlying high-productivity areas. Nevertheless, like carbonate,
after sapropel deposition, bottom-water oxygen diffuses into thepal merely acts as a temporary diluting agent. When it dissolves, the
TOC- and iron-sulfide—rich sediment (Wilson et al., 1985; Higgs etrace element concentration will increase, but the total amount, which
al., 1994; Van Santvoort et al., 1996). As a result of oxidation of thisve use for the calculations, will remain the same.
organic matter and the sulfides, trace element peaks that were origi-
nally located in TOC-rich sediment, may end up in TOC-poor sedi- Hydrothermal Vents
ment (Thomson et al., 1995; Nijenhuis et al., 1996). Furthermore, Mn
and Fe oxyhydroxides that precipitated as a result of such a burn- The cyclic occurrence of sapropels in the Mediterranean region is
down front may provide a temporary alternative sink for the trace elrot likely to be the result of hydrothermal activity, but the total
ements, because of coprecipitation or sorption. This may explain tr@mount of trace elements available will be higher in a geological pe-
observation that trace element peaks are not only found within théod of increased hydrothermal activity. This mechanism can be ruled
sapropels, but also above them, although Fe and Mn oxyhydroxidesit, however, because Zn, an element that is typically associated with
are no longer present. Trace element peaks below the sapropels nimylrothermal activity (e.g., James and Elderfield, 1996), is not en-
be the result of coprecipitation with pyrite formed as a result of downriched in the sapropels, whereas nonhydrothermal elements, such as

ward sulfidization (Passier et al., 1996). Mo and V (Bjornsson et al., 1972), are enriched.
If we assume that the trace element peaks in the sediment are
caused by diagenesis alone, then we can calculate the original con- Windborne Input

centration by redistributing the total trace element amount equally

over homogeneous and sapropel intervals. This method of calculation Estimates for the contribution of wind-derived material in Medi-

results in very high average contents (Table 3). If we compare theserranean sediments are highly variable, thus windborne input is a po-

values with trace element concentrations from other studies (e.gentially important trace element source. However, in the orbital forc-

Calvert, 1983; Sutherland et al., 1984; Pruysers et al., 1991; Van derg model, sapropels are formed during wet climatic conditions,

Weijden et al., 1993; Nijenhuis et al., 1996), we find that they arsvhen windborne input is likely to be lower rather than higher. Evi-

similar to the average (sometimes even the maximum) concentratiodgnce for lower windborne input during sapropel formation is pre-

found in thesapropels of these studies. Furthermore, we have donesented by Wehausen and Brumsack (Chap. 17, this volume) and Fou-

the same calculation for other sapropels in the same cores (Table 8ult and Mélieres (1995).

The average concentrations obtained for those sapropels are quite dif-

ferent from those of i-282, whereas we would expect them to be the Rivers

same if diagenesis caused the enrichment. These comparisons show

that this type of diagenesis can be ruled out as the single source of theAs the trace element concentrations in river water are presumably

trace element excess in the sapropel. rather low, and the water volumes supplied to oceans by rivers are
Another way in which diagenesis can lead to an enrichment afelatively small, a special setting and long periods of time are needed

trace elements is by the dissolution of carbonate and/or opal. The nfor river water to be the main source of trace elements in marine sed-

cropaleontology of the sapropel in interval 969E6/6 is characterizeiinents.

by the virtual absence of foraminifers (L.J. Lourens, pers. comm., Unfortunately, no good data for the trace element input of rivers

1996). Benthic life was probably inhibited by bottom-water anoxia atnto the Mediterranean are available. Data from recent trace element

times of sapropel formation, but the absence of planktonic foraministudies are affected by anthropogenic contributions, whereas in older
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studies, these elements were neither sampled contamination-free nor
measured accurately enough. Therefore, data for the mean world riv-
er composition (Broecker and Peng, 1982; Martin and Whitfield,
1983; Brumsack, 1989) are used for the following calculations. The
actual trace element concentrations of Pliocene river input into the
Mediterranean may have been quite different, but the datawill suffice
for an order-of-magnitude calculation. Because climatic conditions
during precession minimaare more humid (e.g., Rohling and Hilgen,
1991), river input into the Mediterranean is likely to be significantly
higher during sapropel formation than at present. Furthermore, the
sharp contrast in climate during precession minima (humid) and max-
ima (arid) may lead to ahigher trace metal load of circum-Mediterra-
nean rivers (Wehausen and Brumsack, Chap. 17, this volume).

Assuming a 50% increase of present fluvia input (including the
amount coming through the Bosporus from the present Black Ses,
which was a freshwater lake in the Pliocene), and the incorporation
of all trace elements supplied by rivers into the sediment, long peri-
ods of river input into the Mediterranean are needed to supply the
amounts of trace elements present in the sapropel (Table 4). Except
for As and Sb, these values are unredistically high if we assume a
sapropel formation time of several thousand years. Even a doubling
of the river flux or the trace metal concentration of the fluvial input
would not provide the amounts of trace metals that are actually found
in the sapropel, within a reasonable time period.

Seawater

Although the concentration of trace elements in seawater is low,
the reservoir is large, so high total amounts are available. Based on
mean seawater trace-metal concentrations (Broecker and Peng, 1982;
Bruland, 1983), we calculated the amount of seawater that must be
stripped of itstrace element content to explain the composition of the
sapropel (expressed in Eastern M editerranean Seavolumes, Table 4).
For most trace metals, <50 times the trace element amount already
present in the Eastern Mediterranean is sufficient. At first glance, this
seems to be an enormous amount, but based on the current water in-
put from the Western Mediterranean of 39,800 km3yr—* (Bethoux,
1980), only ~4 k.y. of exchange with this basin are necessary (Table
4).

One of thekey elementsfor thiscalculation certainly isvanadium.
Its seawater concentration iswell known, and itsriver-water concen-
tration ranges from 0.5 to 1.0 ng/g (i.e., generaly lower than in sea-
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water; Shiller and Boyle, 1987). The time necessary for the accumu-
lation of Cr, Cu, and Ni is comparable to that of V. For As, Mo, Sh,
and Zn, the seawater reservoir is sufficiently large to explain the
ranges observed. The only element that does not fit this pattern is Co.
Because this element is closely associated with Mn, another enrich-
ment mechanism, possibly related to the dissolution of Mn oxyhy-
droxidesin post-oxic shelf sedimentsasaresult of afluctuating oxic-
anoxic interface, may play arole. This type of mechanism has been
found to operate for Mn in the Black Sea and may also affect other
heavy metals (Kempe et al., 1991). Despite this minor discrepancy,
seawater certainly isthe most likely source of the trace metal enrich-
ments observed in the sapropel layers.

However, both for the river-water and the seawater source, a
mechanism must still be postulated that transfers the trace elements
from the dissolved phase to the particulate phase. A major removal
process is the uptake of trace elements by planktonic species, fol-
lowed by their sedimentation. Marine organisms can “bioconcen-
trate” trace elements up to®liimes the average seawater concentra-
tion (Martin and Knauer, 1973; Collier and Edmond, 1984). Howev-
er, the trace element content of plankton (Table 4) never reaches the
high values observed in the sapropels (Table 4). Such metal contents
are also never attained in sediments underlying modern upwelling re-
gions. The concentration of the trace elements may increase in organ-
ic matter raining down to the ocean floor: the organic material is de-
graded, and the elements become enriched in the residue. As little as
3% of the primary production may actually be preserved in anoxic
sediments (Tyson, 1995). If all trace elements remain in this residue,
a maximum enrichment factor of 33 can be attained. However, this
assumption ignores the fact that most metals are regenerated in the
water column even at shallow depths (Bruland, 1983). Thus, except
perhaps for Zn, another process is definitely required to explain the
high trace element content of the sapropel.

Because of the redox-sensitive and chalcophilic nature of the trace
elements discussed, they can be bound to organic matter (Cr, Mo, V),
or can coprecipitate with (or form their own) sulfides (As, Cd, Co,
Cu, Ni, Zn) under reducing conditions. Therefore, if part of the water
column becomes anoxic, or if seawater slowly circulates through the
oxic-anoxic interface, trace elements may be transferred from seawa-
ter to the sediment by sulfides and organic matter. Indeed, previous
workers proved that the concentrations of Cd, Cu, Mo, Se, V, and Zn
in anoxic seawater are considerably lower (although not zero) than in
oxic seawater (Pilipchuk and Volkov, 1974; Jacobs and Emerson,

Table 4. Results of calculationsfor establishing the possible sources of the trace elementsin Sapropel i-292.

Excess Total Content G4 Content G4 Seawater River water Total quantity Water volume Period river Period seawater
Trace content quantity sapropel marine organisms concentration concentration E. Mediterranean needed input needed input needed
eement  (ppm)*  (10*’g)t  (ppm)** (Ppm)¥ (Ppb)*** (ppb)tt (102gy**  (numberX E. Med.)#+  (ky)* (ky )™
As 51 12 371 12.5 1.7 1.7 4.34 3 3 0.1
Cd 22 5 159 30 0.08 0.02 0.20 26 188 17
Co 39 10 286 2.5 0.001 0.2 0.003 3779 35 253
Cr 88 21 638 5 0.21 1 0.54 40 15 2.6
Cu 150 37 1091 275 0.25 15 0.63 58 18 3.8
Mo 257 63 1868 5 10.6 0.5 27.03 2 52 0.089
Ni 224 55 1627 18.75 0.47 0.5 1.19 46 78 3.0
Sb 12 3 86 1.25 0.15 1 0.38 8 2 0.4
Se 25 6 179 25 0.14 0.2 0.35 17 21 11
Vv 1206 296 8781 9 1.8 0.77 4.59 64 276 4.3
Zn 21 5 151 275 0.39 0.35 0.99 5 9 0.3

Notes: Calculations based on avirtual sapropel, which has a composition that is the average of the three sites, a thickness of 12 cm, and a dry density of 1.8 g/cm?®, and which covers
3 of the Eastern Mediterranean. Homogeneous values have been calculated in the same way. * = excess trace element content of the sapropel (the content of the sapropel minus

the content of the homogeneous). t = the total trace element amount of the sapropel. ** = the trace element contentiofdaeborgpresent in the sapropel assuming that all
trace elements are fixed to organic matter. 1 = the trace element content of marine organic matter converted to magaeborghgimultiplication with 2.5 (assuming that the
dry matter of marine organisms contains 40% organic carbon), based on Brumsack (1980, 1986) and Arthur et al. (1990jra¢e ®ldment concentration of seawater (Bro-
ecker and Peng, 1982; Bruland, 1983). 11 = the trace element concentration of river water (Broecker and Peng, 1982;Wihitfielédnt983; Brumsack, 1989). **** = the
total trace element amount present in the Eastern Mediterranean Sea with a composition of Column 6. 1 = the trace dlgnpeasgogim the sapropel expressed in multiples
of the amount present in the Eastern Mediterranean. ~ = the number of years of river input needed to supply the amoelenoéritag@esent in the sapropel to the Mediterra-
nean, based on a river composition as in Column 7, and 1.5 times today’s riverine input offyt4lkis 400 kri¥yr from the Black Sea (Lacombe and Tchernia, 1972). The
trace elements already present in the Eastern Mediterranean have been deducted from the sapropel total; trace elemehefiXestern Mediterranean is neglected. ™ = the
number of years that water exchange with the Western Mediterranean is needed to supply the excess trace element caypsspelf fiee trace elements present in the Med-
iterranean have already been deducted from the sapropel total. The water input from the Western Mediterranean iéy8d, @8@Mhaux, 1980).
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1983; Callier, 1984; Takayanagi and Wong, 1985). This concept has
often been advanced to explain trace el ement enrichmentsin organic-
rich sediments (e.g., Brumsack, 1980; Arthur et al., 1990; Calvert and
Pedersen, 1993; Van der Weijden, 1993) and seems to be the most
likely mechanism in this Pliocene Mediterranean sapropel as well.

Bosch et al. (Chap. 23, thisvolume), in their organic geochemical
studies of the i-282 sapropel from Hole 969E, demonstrated that the
water column was euxinic up into the photic zone. A consequence of
thisfinding is that the calculated time of seawater supply istoo low,
for two reasons. First, the concentration of trace elements in anoxic
seawater was not zero. Second, anoxia most likely developed under
stagnant conditions, in a stratified water column, when water ex-
change with the Western Mediterranean was probably lower than the
modern value used. An elegant way around this problem is a model
that invokes circulation reversal in the Eastern Mediterranean from
anti-estuarine during periods in which homogeneous sediment is de-
posited to estuarine during sapropel formation (Calvert, 1983; Buck-
ley and Johnson, 1988; Thunell and Williams, 1989). Such acircula-
tion pattern would result from a decrease of surface-water salinity
caused by increased river input and would act as a nutrient trap.
Based on nutrient balance cal culations of the S1 sapropel, Sarmiento
et al. (1988) showed that, with a reversed circulation pattern in the
Eastern Mediterranean Sea, the water column will inevitably become
anoxic, while the Western Mediterranean can remain oxic. Thus, a
model with reversed circulation in the Eastern Mediterranean during
sapropel formation may explain the high trace element contentsin the
sediment by the anoxic water column, while trace elements continue
to be added from the adjacent basins and by rivers. The very high or-
ganic matter content can also be explained by nutrient trapping dur-
ing estuarine circulation, which leadsto increased productivity and to
high organic matter accumulation rates. Preservation of this organic
matter may be promoted by anoxic conditions. However, thetrace el-
ement budget estimated in this study provides only circumstantial in-
dications for such areversal, and to substantiate this concept, addi-
tional evidence must be provided by further organic geochemical and
sedimentological research.

In summary, it has been argued that diagenesis can explain only a
small fraction of the trace element enrichment in the sapropels, thus,
the largest part of the signal is authentic. Wind input and hydrother-
mal activity are not likely to be responsible for the trace element en-
richments found in the sapropels. The trace element amounts in the
sediment cannot be supplied by riversin areasonabletime period, un-
less the trace element content and runoff were very much higher than

assumed in the calculations. The large uncertainties in the river input
during times of sapropel formation and the essentially unknown trace
metal concentration of this water should not be disregarded. Never-
theless, we have increased the fluvial input by up to afactor of five
without significantly changing the overall budget. The same is true
for changing the river-water composition by afactor of five. The cal-
culations further show that seawater can supply enough trace ele-
ments (except for Co), unless water exchange at the Straits of Sicily
is very much restricted.

For comparison, these cal culations were also applied to the i-292
sapropel at Sites 964, 966, and 967. Although the time intervals cal-
culated (Table 5) are shorter than for i-282, the basic outcome is the
same: rivers cannot supply thetrace elementsin areasonabletime pe-
riod, and several thousand years of seawater exchange with the West-
ern Mediterranean is necessary for most trace elements. The differ-
ences in the time periods calculated can partly be explained by the
fact that Site 966, in which sapropels are less well developed, is not
included in the calculations for Sapropel i-282, whereas Site 969, in
which sapropels are well developed, is not included in the calcula
tions for Sapropel i-292.

All inall, the trace element budget appears to be reasonably accu-
rate, although rather tight. A very large fraction of the trace elements
supplied to the Eastern Mediterranean during sapropel formation ap-
parently ended up in the sediment. Thisimpliesthat an efficient trace
element remova mechanism must have operated during the forma-
tion of thisand several other Pliocene sapropels. We propose that this
mechanism was widespread anoxiain the Eastern Mediterranean dur-
ing the formation of these sapropels. In thisway, alarge part of the
trace elements that entered the Mediterranean from severa different
sources could be transferred to the sediment.

CONCLUSIONS

Several Pliocene sapropels are characterized by extremely high
Coq and trace element contents. The C,, enrichment results from
both increased productivity and better preservation. The excess trace
elementsin the sapropels mainly originated from seawater, but rivers
aso played arole. Diagenesis, wind input, and hydrothermal activity
did not contribute significantly to the excess. An efficient trace ele-
ment removal mechanism, most likely widespread anoxia, operated
during Pliocene sapropel formation.

Table 5. Results of calculations for establishing the possible sources of the trace elementsin Sapropel i-292

Excess Total Content Gy Content Gy Seawater River water  Total quantity Water volume Period river  Period seawater
Trace content  quantity sapropel marine organismsoncentratiortoncentration E. Mediterranean needed input needed input needed
dement  (ppm)*  (102g)t  (ppm)** (ppm)t (ppb)*** (ppb)tt (LOR2 g)rwx* (numberX E. Med.)$f  (ky)? (ky. )
Cd 8 2 74 30 0.08 0.02 0.20 12 81 0.7
Co 26 8 250 25 0.001 0.2 0.003 3238 30 217
Cr 46 15 445 5 0.21 1 0.54 27 10 18
Cu 88 28 845 275 0.25 15 0.64 44 13 2.9
Mo 169 53 1614 5 10.6 0.5 27.03 2 39 0.065
Ni 121 38 1159 18.75 0.47 0.5 1.20 32 54 2.1
\Y 603 191 5777 1.8 0.77 4.59 42 176 2.7
Zn 40 13 382 275 0.39 0.35 0.99 13 24 0.8

Notes: Calculations based on avirtual sapropel, which has a composition that is the average of the three sites, a thickness of 16 cm, and a dry density of 1.8 g/cm?®, and which covers
of the Eastern Mediterranean. Homogeneous val ues have been calculated in the same way. * = excess trace element content of the sapropel (the content of the sapropel minus

the content of the homogeneous. T = the total trace element amount of the sapropel. ** = the trace element contentiofdagorgpresent in the sapropel assuming that all
trace elements are fixed to organic matter. 1 = the trace element content of marine organic matter converted to magaeborgagimultiplication with 2.5 (assuming that the
dry matter of marine organisms contains 40% organic carbon), based on Brumsack (1980, 1986) and Arthur et al. (1990jra¢e elfrment concentration of seawater (Bro-
ecker and Peng, 1982; Bruland, 1983). 11 = the trace element concentration of river water (Broecker and Peng, 1982;Wihitfieldnt983; Brumsack, 1989). **** = the
total trace element amount present in the Eastern Mediterranean Sea with a composition of Column 6. 1 = the trace dlgnpeasgogim the sapropel expressed in multiples
of the amount present in the Eastern Mediterranean. ” = the number of years of river input needed to supply the amoeienuéntaqeresent in the sapropel to the Mediterra-
nean, based on a river composition as in Column 7, and 1.5 times today’s riverine input offyt4lkis1 400 kriyr from the Black Sea (Lacombe and Tchernia, 1972). The
trace elements already present in the Eastern Mediterranean have been deducted from the sapropel total; trace elemehefiXestern Mediterranean is neglected. ™ = the
number of years that water exchange with the Western Mediterranean is needed to supply the excess trace element sapespelf Ftee trace elements present in the Med-
iterranean have already been deducted from the sapropel total. The water input from the Western Mediterranean iéy8d, @8@Mhaux, 1980).
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