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ABSTRACT

The occurrence of sapropels and sapropel-like sediments has been documented to the far western basins of the Mediterra-
nean Sea in cores obtained by drilling during Leg 161. Multiple, dark-colored layers in which total organic-carbon (TOC) con-
centrations exceed 0.5% occur in the Pleistocene sedimentary sequences of the Tyrrhenian Basin, the Menorca Ridge, and the
basins of the Alboran Sea. Higher Rock-Eval Hydrogen Index values and elemental C/N values in the sediments that have
higher TOC concentrations indicate that variations in the production and preservation of marine organic matter are the principal
factors involved in the formation of the sapropels and sapropel-like layers at these locations. TOC concentrations generally
decrease from east to west as sedimentation rates increase, reflecting dilution of the organic matter. Precessional climate
changes that increased delivery of land-derived nutrients and thereby enhanced paleoproductivity appear to be central to forma-
tion of the sapropels and sapropel-like layers.
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INTRODUCTION

Multiple layers of dark-colored sediments rich in organic carbon
have been recognized as common features of the post-Messinian sed-
imentary record of the Mediterranean Sea in both uplifted exposures
on land and in deep-water settings (e.g., Cita and Grignani, 1982;
Thunell et al., 1984; Rossignol-Strick, 1985; Fontugne and Calvert,
1992). These sequences, called rhythmites, laminites, or sapropels
depending on their settings, are noteworthy because the expected fate
of most organic matter in the oceans is oxidation and destruction,
rather than accumulation in the seafloor. These unusual accumula-
tions required special depositional conditions that involved both en-
hanced delivery of organic matter to the seabottom and improved
preservation of the organic matter during and after burial. 

The term “sapropel” is strictly applied to unconsolidated oozes
sludges that accumulate in shallow anaerobic environments (B
and Jackson, 1987), although the term is commonly applied to or
ic-carbon–rich sedimentary layers that may have resulted from s
or similar settings. We will use the “sapropel” in the more gene
context of a discrete layer of dark-colored, fine-grained, deep-
sediment in which the organic-carbon concentration exceeds 0
For those dark-colored intervals that are stratigraphically less w
defined than sapropel layers, but in which organic-carbon concen
tions still exceed 0.5%, we will use the term “sapropel-like se
ments.” In this overview of the organic matter contents of saprop
and sapropel-like sediments at locations cored during Leg 161
also consider the significance of these organic-carbon–rich dep
to paleoceanographic and paleoclimatic reconstructions of the M
terranean Sea and its surrounding land areas. 

SAMPLING AND ANALYSIS

Depositional Settings

Samples of Pliocene–Pleistocene sediments were collected fo
ganic-matter analysis at frequencies of two to five per 9-m cor

1Zahn, R., Comas, M.C., and Klaus, A. (Eds.), 1999. Proc. ODP, Sci. Results, 161:
College Station, TX (Ocean Drilling Program).

2 Marine Geology and Geochemistry Program, Department of Geological Sciences,
The University of Michigan, Ann Arbor, MI 48109-1063, U.S.A. pameyers@umich.edu

3GEOMAR, Christian-Albrechts Universität zu Kiel, Wischhofstraße 1-3, 241
Kiel, Federal Republic of Germany.
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each of the six sites investigated during Leg 161 (Fig. 1). The amo
and type of organic matter were determined both in the organic-c
bon-lean sediments that constituted most of the sequences foun
these sites and in the dark-colored, organic-carbon–rich sapro
and sapropel-like layers that were minor parts of the sequences. 
six sites encompass a variety of water depths and sedimentation r
and they represent the major depositional basins of the western M
iterranean Sea. 

Site 974 is located at a water depth of 3454 m in the central T
rhenian Basin (Fig. 1). Pliocene–Pleistocene sediments consis
bioturbated pelagic to hemipelagic nannofossil-rich clays and nan
fossil oozes that were deposited above the carbonate compens
depth (CCD). Twenty-eight sapropel layers occur in this sequen
The average sedimentation rate of Pliocene–Pleistocene sedimen
this site is 5 cm/k.y. 

Site 975 is situated on the Menorca Rise between the Balearic 
sin to the east and the Algerian Basin to the south (Fig. 1). The w
depth at this site is 2116 m, which is above the CCD. Pliocene–Pl
tocene sediments consist of bioturbated pelagic to hemipelagic n
nofossil clays and oozes. Thirty-eight sapropel layers occur in the 
per part of this sequence. The average sedimentation rate at this
is 7 cm/k.y.

Site 976 is located on the southern Iberian continental slope 
water depth of 1108 m in the Western Alboran Basin. Pliocene–Ple
tocene sediments consist of hemipelagic nannofossil-rich clay, n
nofossil clay, and nannofossil silty clay and contain 28 sapropel-l
layers. The average sedimentation rate at this site is 23 cm/k.y.

Sites 977 and 978 are in the Eastern Alboran Basin. Site 977 is
cated south of the Al-Mansour Seamount at a water depth of 1984
and Site 978 is north of this seamount at a depth of 1929 m (Fig.
Sediments at Site 978 were continuously cored below 213 m
(meters below seafloor), but only spot-cored at shallower dept
Pliocene–Pleistocene sediments recovered at both sites consis
bioturbated hemipelagic nannofossil clay and nannofossil-rich si
clay. Thirty-nine sapropel layers occur in the Site 977 Pliocen
Pleistocene sediments, and the sedimentation rate for this sequen
16 cm/k.y.

Site 979 is situated on the southern margin of the Alboran Rid
in the South Alboran Basin (Fig. 1). The water depth at this site
1062 m. Pliocene–Pleistocene sediments consist of bioturbated he
pelagic nannofossil clay, which accumulated at an average rate o
cm/k.y. Twenty-nine sapropel-like layers occur in the Pliocene
Pleistocene sequence at this site. 
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Figure 1. Locations of Site 974 in the Tyrrhenian Basin, Site 975 on the Menorca Ridge, and Sites 976, 977, 978, and 979 in the Alboran Basin. Depth contours
in meters.
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Organic Carbon Measurements and C/N Values

The total organic-carbon contents (TOC) of Leg 161 samples
were determined by the difference between total carbon concentra-
tions as measured by a Carlo Erba NA 1500 NCS analyzer (Verardo
et al., 1990) and the carbonate-carbon concentrations as measured by
a Coulometrics 5011 inorganic carbon analyzer (Engleman et al.,
1985). Freeze-dried samples were combusted at 1000°C in an oxygen
atmosphere in the NCS analyzer, and the resulting combustion prod-
ucts were chromatographically separated and quantified to yield the
concentrations of total carbon and nitrogen. The TOC and total nitro-
gen values were used to calculate atomic C/N values of the samples.
These C/N values are assumed to represent those of sediment organic
matter in this report.

This procedure, in which TOC concentrations are determined
from the difference between total carbon and carbonate-carbon con-
centrations, has been tested against the direct-determination analysis
of carbonate-free sediment samples by Meyers and Silliman (1996).
Agreement is good for TOC concentrations ranging between 0.2%
and 2% and for C/N values between 5 and 15. Both procedures, how-
ever, cease to measure accurately TOC concentrations that are below
0.1%, and this level is considered the limit of detection in this report.

Rock-Eval Pyrolysis

Rock-Eval pyrolysis of organic matter consists of heating samples
at a rate of 25°C/min between 300°C to 600°C to yield the amount of
volatile hydrocarbons present in the sediment (S1), the amount of hy-
drocarbons released during pyrolysis (S2), and the amount of CO2 re-
leased during heating to 390°C (S3). These values are combined with
TOC values to provide the information necessary to calculate the hy-
drogen index (HI = S2/TOC, or milligrams hydrocarbons/gram
organic carbon) and the oxygen index (OI = S3/TOC, or milli-

100 1×
100×
384
grams CO2/gram organic carbon). The temperature of maximum hy-
drocarbon release during pyrolysis (Tmax) is also obtained and pro-
vides a measure of organic matter thermal maturity (Espitalié et
1977).

RESULTS AND DISCUSSION

Organic Carbon Concentrations

TOC concentrations are bulk sedimentary parameters that re
sent the fraction of organic matter that has survived degradation
ing sinking to the seafloor and early diagenesis in the sediments. 
concentrations are influenced by both initial primary production a
subsequent exposure to degradation, so they integrate the diff
origins of organic matter, delivery routes, depositional processes
consequent degrees of preservation. TOC concentrations are
pressed in weight/weight ratios and are therefore influenced by o
components of the sediments. For example, TOC concentrations
be diluted by clastic sediment particles in some settings or con
trated by dissolution of carbonate minerals in others.

Most of the Pliocene–Pleistocene sediments sampled in the
sites cored during Leg 161 contain organic-carbon concentrat
that are approximately the same as the average of 0.3% compile
McIver (1975) from Deep Sea Drilling Project (DSDP) legs 
through 33. The organic-carbon-poor Leg 161 sediments repre
conditions of low productivity and poor preservation of organic m
ter that evidently typify most of the post-Messinian history of t
Mediterranean Sea. The exceptions are the dark-colored saprope
ers in which TOC concentrations exceed 0.5% and reach as hig
6.3% (Comas, Zahn, Klaus, et al., 1996). Comparison of TOC c
centrations at the five sites from which continuous sedimen
records were obtained shows two general patterns: (1) the differe
between the TOC content of background sediments and saprop
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greatest in sediments from Site 974 in the Tyrrhenian Basin and di-
minishes in more westward locations, and (2) the occurrence of
sapropels is limited to Pleistocene sediments (Fig. 2). 

The first of these patterns is a general extension of results ob-
tained from the eastern Mediterranean Sea during Leg 160, wherein
TOC concentrations in Pleistocene sediments reach 20% on the
Pisano Plateau in the Ionian Basin (Bouloubassi et al., in press). This
trend may reflect significant paleoceanographic differences between
the locations that roughly correspond to their distances from the Nile
River and the Black Sea, the largest present-day sources of nutrient-
enriched fresh- or low-salinity water to the Mediterranean Sea. The
TOC concentrations in the seafloor may record geographical differ-
ences in surface paleoproductivity. It is more likely, however, that the
pattern of decreasing TOC is produced by differences in sedimenta-
tion rates, which in general increase from east to west. Organic car-
bon concentrations are diluted more in the western locations by clas-
tic and biogenic sediment components than in the eastern sites. If this
is true, then production and subsequent burial of organic matter has
been periodically elevated to the same or similar levels throughout
the Mediterranean Basin since the beginning of the Pleistocene. Until
sediment chronology is refined sufficiently to allow calculation of or-
ganic-carbon–mass-accumulation rates, this hypothesis remain
tested.

An important difference exists between the histories of orga
carbon burial in the western Mediterranean sites that were sam
during Leg 161 and those in the eastern Mediterranean sampled
ing Leg 160. Sapropel occurrences begin during the middle Plioc
in the eastern Mediterranean Sea (Emeis, Robertson, Richter, e
1996), whereas they do not start to appear in the western sites
the beginning of the Pleistocene (Fig. 2). Furthermore, TOC conc
trations are higher in the Pliocene sapropels than in their Pleisto
equivalents, reaching as high as 32% at Site 969 on the Medit
nean Ridge south of Crete (Bouloubassi et al., in press). In cont
chronologically equivalent sediments from the Leg 161 sites con
only a few tenths of a percent TOC (Fig. 2). Unlike the Pleistoc
TOC concentrations, the difference in onset of sapropel depos
 un-
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indicates real paleoceanographic differences between the eastern
western Mediterranean locations. 

Organic Carbon/Nitrogen Values

C/N values help to distinguish between algal and land-plant o
gins of sedimentary organic matter. Algae typically have atomic C
values between 4 and 10, whereas vascular land plants have C/N
ues of 20 and greater (Premuzic et al., 1982; Emerson and Hed
1988; Jasper and Gagosian, 1990; Meyers, 1994; Prahl et al., 19
This distinction arises from the absence of cellulose in algae and
abundance in vascular plants. The difference between algal and l
plant C/N source signatures is largely preserved in sedimentary
ganic matter (Jasper and Gagosian, 1990; Meyers, 1994).

C/N values in Leg 161 Pliocene–Pleistocene sediments are v
able (Comas, Zahn, Klaus, et al., 1996). The C/N values of some s
ples low in TOC are very low (<5). These values are lower than th
observed in fresh algal matter. They are probably an artifact of 
low carbon contents combined with the tendency of clay minerals
absorb ammonium ions generated during microbial degradation
organic matter (Müller, 1977). The C/N values in samples especia
low in organic carbon consequently are not accurate indicators of
ganic-matter source; they instead indicate continued breakdown
organic matter after burial.

In contrast to the organic-carbon–poor background sediments,
C/N values of sapropels range between 10 and 20 (Comas, Z
Klaus, et al., 1996), which is intermediate between unaltered alga
ganic matter and fresh land-plant material. Because diagenesis ra
depresses land-plant C/N values to values as low as those found i
sapropels (Meyers et al., 1995), it is likely that the organic-carbo
rich sediments contain algal material that has been partially degra
during or soon after settling to the seafloor. Preferential loss of nit
gen-rich, proteinaceous matter can elevate the C/N values of alga
ganic matter by this process.

In support of the concept of diminished degradation of the org
ic-matter content of the sapropels, a well-developed corresponde
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Figure 2. Concentrations of organic carbon in Miocene, Pliocene, and Pleistocene sediments from Site 974 in the Tyrrhenian Basin, Site 975 on the Menorca
Ridge, and Sites 976, 977, and 979 in the Alboran Basin. Organic-carbon depth-profiles for the five sites are ordered from east to west to show geographical
change in organic-carbon concentrations.
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between higher TOC concentrations and greater C/N values exists in
the sapropels from all five Leg 161 sites that were continuously cored
(Fig. 3). This correspondence suggests two factors that are important
to elevating the TOC levels of the sapropels. First, the organic matter
that was delivered to the seafloor and accumulated in the sapropel
layers experienced less degradation during sinking than the organic
matter that was delivered during times when sapropels did not form.
Nitrogenous components of biological organic matter are typically
recycled more effectively than other forms of organic matter under
conditions of partial degradation. The organic matter in the sapropels
consequently retained a greater proportion of its carbon content, and
C/N values were therefore enhanced. This process accompanies the
elevated fluxes of organic matter to sediments under upwelling
zones, where Suess and Müller (1980) document enhancement 
N values in surficial bottom sediments. Second, organic carbon e
rienced less remineralization after being incorporated into the bot
sediments, so that organic matter retained the elevated C/N va
that developed during transport to the seafloor.

Results of Rock-Eval Pyrolysis

Rock-Eval pyrolysis was originally developed to characterize 
organic matter present in oil source rocks, which typically is m
thermally mature and at higher concentration than commonly fo
in non-lithified sediments obtained by scientific ocean drilling. Roc
Eval analyses have nonetheless proved valuable in helping to d
mine organic matter sources in DSDP and ODP samples. The hy
gen index (HI) and the oxygen index (OI) relate to the origin of 
total organic matter and are commonly plotted against each oth
a Van Krevelen-type diagram in which a comparison of elementa
C and O/C values is approximated. In the HI-OI plot, three m
types of organic matter and their thermal alteration pathways are
fined. Type I organic matter is especially rich in aliphatic hydroc
bons and hydrocarbon-like components and is derived from algae
microbial biomass. Type II organic matter is moderately rich in th
aliphatic components and originates from the waxy coatings of l
plants and from partially degraded algae. Type III organic matte
poor in hydrocarbon-like materials but rich in carbohydrates. La
plant organic matter is usually rich in woody components and con
quently has lower hydrogen indices and higher oxygen indices 
found in lipid-rich and cellulose-poor algal organic matter. Type 
organic matter therefore usually typifies woody land-plant mat
but it may also represent poorly preserved algal organic matter.

The source-distinction between continental and marine orga
matter that can be made from the results of Rock-Eval pyrolysis
comes blurred by diagenesis. Oxidation of organic matter affe
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both HI values and OI values. As hydrocarbon-rich organic ma
(Type I or II) is oxidized, its hydrogen content decreases while its
ygen content increases, and it takes on the HI-OI characteristic
Type III vascular plant organic matter. A further constraint on the 
of Rock-Eval pyrolysis for determination of organic-matter source
that samples should contain at least 0.5% TOC to yield meanin
results (Katz, 1983; Peters, 1986). 

The results of Rock-Eval analyses of Leg 161 sapropels show
their organic-matter content appears to be dominated by varying 
tures of Type II algal material and Type III land-plant-material (F
4). The indication of large proportions of land-derived organic ma
in many of the sapropels conflicts, however, with C/N values in th
sediments (Fig. 3) that are too low (<20) for land-plant organic m
ter. The contradiction between the Rock-Eval source characteriza
and the elemental source characterization is evidence that the m
organic matter has been heavily oxidized, because well-prese
Type II organic matter has high HI values (Espitalié et al., 1977;
ters, 1986). 

Comparison of TOC concentration with Rock-Eval HI valu
shows that sapropels with higher TOC concentration also have hi
HI values (Fig. 5), which is a pattern also found in sapropels in
eastern Mediterranean (Bouloubassi et al., in press). Higher T
concentrations also correspond to higher C/N values (Fig. 
Sapropels having higher HI values consequently also have high
N values, which is an indication of partial but not extensive altera
of marine organic matter during sinking and incorporation into b
tom sediments. The relationship between higher HI values and
vated TOC concentrations is therefore consistent with preservatio
marine organic matter being important in elevating the orga
matter content of Mediterranean sapropels (e.g., Ten Haven e
1987; Calvert et al., 1992; Cheddadi and Rossignol-Strick, 1995

Thermal Maturity of Organic Matter

Rock-Eval Tmax values are below 425°C in most of the Pliocene–
Pleistocene sediments from the locations sampled by Leg 161 
mas, Zahn, Klaus, et al., 1996). These values indicate that the or
matter in most of the basins of the western Mediterranean is ther
ly immature with respect to petroleum generation (Espitalié et
1977; Peters, 1986). Because organic matter is sensitive to tem
tures that are only slightly elevated (>60°C), the thermal immaturity
of the Pliocene–Pleistocene organic matter is evidence of low 
flows in the western Mediterranean basins since the times these
iments were deposited. 

Two of the Leg 161 sites, however, exhibit Tmax values that devi-
ate from being relatively low. The deviations suggest that local g
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Figure 3. Comparison of organic C/total N values to organic carbon concentrations in Miocene, Pliocene, and Pleistocene sediments from Site 974 in the Tyrrhe-
nian Basin, Site 975 on the Menorca Ridge, and Sites 976, 977, and 979 in the Alboran Basin. Data are in same east-west geographical order as in Figure 2. 
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thermal gradients may have been sufficiently elevated at some former
time to have matured the organic matter buried at these locations. A
well-developed pattern of increasing Tmax values with depth is present
in the upper 150 m of sediment at Site 974 in the Tyrrhenian Basin
(Fig. 6). Because of the relatively shallow burial depth, the increase
in thermal maturity with depth is probably a consequence of the ele-
vated geothermal heat flow (157 mW/m2) measured at this location
(Comas, Zahn, Klaus, et al., 1996).

Rock-Eval Tmax values are relatively low in the Pleistocene sedi-
ments of Site 977 in the eastern Alboran Basin, but they become ele-
vated to 475°C–495°C in the deeper, Pliocene sediments (Fig. 7). T
higher Tmax values indicate that organic matter is overmature with 
spect to petroleum generation in the older sediments (Fig. 8). 
thermal maturity indicated by the Tmax values suggests that tempera
tures were between 125° and 150°C for sediments of this age, which
is substantially greater than the present bottom-hole temperature
the measured heat flow (101 mW/m2) would yield (Comas, Zahn,
Klaus, et al., 1996). The thermal maturity of the organic matter in 
Pliocene sediments consequently indicates that heat flows were
merly higher in the Eastern Alboran Basin, which is a tectonically a
tive part of the greater Mediterranean Basin.

Other organic geochemical evidence of formerly higher geoth
mal gradients is present in the sediments of the eastern Alboran
sin. Higher molecular–weight thermogenic gases are present at
levels in sediments from Site 977. Concentrations of propane, iso-
butane, and iso-pentane exceed those of ethane in sediments fr
about 200 mbsf to 450 mbsf (Comas, Zahn, Klaus et al., 1996)
general correspondence between elevated Rock-Eval Tmax values and
e
e-
he

that

he
for-
c-

r-
Ba-
ow

m
 A

occurrence of these heavier gases suggests that the C3, C4, and C5 gas-
es were produced by thermal degradation of sedimentary orga
matter during a period of elevated heat flow or hydrothermal activ
in the Eastern Alboran Basin. Because only organic matter in se
ments deeper than 200 mbsf exhibits thermal alteration, the inte
of elevated heating must have occurred during the Pliocene.

Paleoceanographic Significance of Sapropels

Milankovitch-cycle changes in the earth’s orbit about the su
have pervasive impacts on global climate. In particular, precessio
changes, which affect summer-winter climate differences at cycli
ties of 19 and 23 k.y., appear to be strongly expressed in the sapro
and their shallow-water equivalents, the laminites, of the Mediter
nean Basin (Fontugne and Calvert, 1992; Berggren et al., 1995; L
rens et al., 1996; Hilgen et al., 1997). Sapropels are expressed di
ently at different locations and at different times of post-Messini
Mediterranean paleoclimate history. Local and regional factors e
dently overprint the global Milankovitch forcing factors. Moreove
these organic-carbon–rich sediments often occur as bundles—reg
successions of light/dark layers—interspersed with intervals in wh
the dark layers are absent. This is a common pattern and sugges
petitive variations in the intensity of precessional climate change.

Nutrient-enhanced productivity appears to be involved in the de
osition of the deep-water sapropels. Upper Pliocene–lower Ple
tocene sapropels from the eastern Mediterranean Sea are espe
rich in organic carbon, some exceeding 30% (Bouloubassi et al.
press). Exceptionally high rates of organic-matter delivery had
387
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contribute to such elevated organic-carbon concentrations. Rock-
Eval analyses of sapropels from Leg 161 sites indicate that variable
oxidation of marine organic matter has occurred in the western Med-
iterranean (Figs. 4, 5). The range in degree of organic matter preser-
vation, from good to moderate, suggests that elevated productivity ul-
timately contributed to improving organic matter preservation in the
seafloor. When the delivery of organic matter was great enough to ex-
haust benthic oxygen availability, sediments rich in organic carbon
accumulated. Several lines of evidence support this concept. The
compositions of nannofossil assemblages in eastern Mediterranean
sapropels suggest that the triggering mechanism for enhanced preser-
vation was increased productivity (Castradori, 1993). Molecular and
isotopic organic geochemical compositions confirm that the organic
matter in sapropels originated from enhanced marine productivity
(Ten Haven et al., 1987; Calvert et al., 1992; Rullkötter et al.,
press, Bouloubassi et al., in press). These generalizations abou
origin and preservation of the organic matter in the sapropels are 
ly to apply in the western, as well as in the eastern, Mediterran
Sea.

Fontugne and Calvert (1992) noted that the δ13C values of bulk or-
ganic matter in upper Pleistocene deep-water sapropels in the ea
Mediterranean are consistently more negative than in intercal
oozes. They interpret the more negative values to reflect peri
freshwater flooding of the photic zone of the eastern Mediterrane
Enhanced delivery of soil-derived nutrients to oceanic surface wa
commonly accompanies periods of increased river flow. Calvert e
(1992) note that δ15N values of the organic matter in the sapropels 
exceptionally low, which is evidence that nitrogen-fixing microb
were probably important primary producers during the intervals
sapropel formation. The existence of nitrogen-fixing microbes is
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Figure 6. Increase of Rock-Eval Tmax values with depth in Pliocene–Pleis
tocene sediments from Site 974 in the Tyrrhenian Basin.
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direct evidence for density stratification that extended into the ph
zone of the Mediterranean Sea during these intervals. 

Precessional (19 to 23 k.y.) regional changes in climate have b
postulated to be central to formation of the Mediterranean lamina
sediments (Hilgen et al., 1997). The basic premise is that sum
winter differences greater than at the present (the Earth is now
thest from the sun at northern summer solstice, and modern lamin
sapropels are not being deposited) increased precipitation in the M
iterranean region (Rossignol-Strick, 1985). The periods of increa
seasonal differences correspond to Milankovitch-cycle precessi
minima. During the intervals of greater summer-winter contrast,
creased continental runoff delivers more nutrients to seawater, th
by enhancing algal and microbial production and the delivery of m
rine organic matter to the seafloor. Benthic oxidation of the increa
flux of organic matter overwhelms the supply of dissolved oxygen
the seabottom, and preservation of subsequently delivered org
matter is enhanced. In this scenario, deep waters need not stagn
become anoxic, even though the increased continental runoff w
probably dilute surface waters and create salinity stratification
large areas of the Mediterranean Sea.

SUMMARY

Sapropels occurrences are well-known in deep-water sedim
from locations in the eastern Mediterranean extending from the 
ian Basin to the Levantine Basin. Drilling of deep-water po
Messinian sedimentary sequences by ODP Leg 161 has shown
occurrences of organic-carbon–rich sapropels and sapropel-like
iments continue westward into the Alboran Basin (Comas et 
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Figure 7. Difference between Rock-Eval Tmax values of Pliocene–Pleistocen
sediments from Site 977 in the Eastern Alboran Basin. 



PLIOCENE–PLEISTOCENE ORGANIC-CARBON–RICH SEDIMENTS
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1996). Pliocene–Pleistocene sediments in the western Mediterran
typically contain little organic carbon (<0.2%), but multiple dark
colored layers in which TOC concentrations exceed 0.5% exis
Pleistocene parts of the sedimentary sequences in the Tyrrhenian
sin, on the Menorca Ridge, and in the basins of the Alboran Sea
combination of Rock-Eval and C/N characterizations of the orga
matter in these sapropels and sapropel-like layers shows that 
comprised of partially preserved marine material. 

 A feature common to the organic-carbon–rich sediments is t
groups of these layers will occur at intervals of ~20 k.y. in parts of 
sequences, but they will be absent in other parts. This character
indicates that the organic-carbon–rich layers represent a paleoce
graphic setting different from today that recurred regularly in t
past, yet one that depended on a complicated interplay of mult
factors and that may have been strongly influenced by local or
gional paleoenvironments. The observed 20-k.y. spacing of the d
layers suggests that Milankovitch precessional cycles control the t
ing of their deposition. Precession of the Earth in its elliptical or
around the sun causes the Earth-sun distance at summer and w
solstice—the times of greatest seasonal expression—to cycle 
tween maxima and minima every 21 k.y. The Earth is now farth
from the sun at northern summer solstice, making northern he
sphere summers cooler than during the precessional minima w
laminites/sapropels were often deposited.

Precessional climate changes that freshened the surface wate
the Mediterranean have been invoked as the underlying cause o
sapropels (Rossignol-Strick, 1985; Fontugne and Calvert, 1992; S
cetta, 1994). The basic premise is that summer-winter differen
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Figure 8. Relationship between Rock-Eval hydrogen index and Tmax values in
Pliocene–Pleistocene sediments from Site 977 in the Eastern Alboran B
Thermal alteration pathways of organic matter Types I, II, and III are in
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tocene sediments is immature with respect to petroleum generation, wh
it is overmature in Pliocene sediments.
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greater than at the present increased seasonality in the past, th
causing greater precipitation and stronger winds in the Mediterran
region. These cyclic paleoclimatic changes evidently enhanced p
oproductivity, but to a different degree at each precessional minim
and at each location studied during Leg 161. When greatly enhan
the delivery of marine organic matter to the seabottom was suffici
ly large to exhaust the availability of dissolved oxygen in bottom w
ters, thereby temporarily establishing anoxic conditions at the 
floor and improving preservation of the magnified flux of organ
matter to the sediments. A sapropel layer was deposited under 
conditions. When not so greatly enhanced, the delivery of org
matter was not sufficient to create drawdown of bottom-water o
gen during the precessional minimum, and organic carbon was
dized before or soon after incorporation into the sediment. 
sapropel layer survived in the sedimentary record under the co
tions of lesser productivity. The magnitude of paleoproduction of
ganic matter, therefore, was the primary factor involved in determ
ing whether or not sapropels were deposited at the times of each
cessional minima in the post-Messinian record of the Mediterran
and local factors influenced the paleoclimate expressions of
Pliocene–Pleistocene precessional minima at the Leg 161 sites.
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