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SITE 658 AND NONUPWELLING SITES 657 AND 659: IMPLICATIONS FOR THE

RECONSTRUCTION OF PALEOENVIRONMENTS IN THE EASTERN SUBTROPICAL ATLANTIC

THROUGH LATE CENOZOIC TIMES!
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ABSTRACT

Detailed organic geochemical investigations have been performed on sediment samples from upwelling Site 658
and nonupwelling Sites 657 and 659. The major objective of this study has been the relationship between organic
carbon accumulation and paleoclimatic and paleoceanographic conditions in the upwelling area off northwest Africa
during late Cenozoic times. The study is based on results from organic carbon, nitrogen, and hydrogen analyses,
Rock-Eval pyrolysis, kerogen microscopy, gas chromatography, and gas chromatography/mass spectrometry.

In general, nonupwelling Sites 657 and 659 are characterized by low organic carbon values of less than 0.5%. At
Site 657, four events of high organic carbon deposition (total organic carbon of 19-3%) occur and represent
turbidites and a slump interval.

The upper Pliocene to Pleistocene sediments of upwelling Site 658 display high organic carbon contents of
0.5%—4%, with higher contents concentrated in the upper Pliocene. Accumulation rates of organic carbon vary
between 0.1 and 0.5 gC - cm™2 - 1000 yr~!, with maximum values between 3.5 and 3.1 Ma. Short-term cyclic
(“*Milankovitch-type'’) variations in organic carbon accumulation suggest climate-controlled mechanisms causing
these fluctuations.

The quality of organic matter at Site 658 is a mixture of kerogen type II and III, with a dominance of the marine
type. This is indicated by high hydrogen-index values of 200-400 mgHC/gC, low C/N ratios of 5-15, atomic H/C
ratios of 1.0-1.5, and high amounts of marine macerals (alginite and liptodetrinite).

We have estimated paleoproductivity for Sites 658 and 659 based on the amount of marine organic carbon. At
open-marine Site 659, mean paleoproductivity varies between 20 and 50 gC + m~2 - yr~'. At Site 658, mean
paleoproductivity reaches high values of 160 to 320 gC - m~2 + yr~!, very similar to those recorded in modern
upwelling areas. The changes in productivity off northwest Africa are linked to changes in nutrient supply caused
by both upwelling and fluvial input.

The change from a dominantly humid climate to one characterized by fluctuations between humid and fully arid

climates in northwest Africa occurs between 3.1 and 2.45 Ma.

INTRODUCTION

During Leg 108 of the Ocean Drilling Program (ODP), Sites
657 to 661 were drilled on the northwest African continental
margin between 21°N and 10°N at water depths between about
2270 and 4330 m (Fig. 1). One of the major objectives of Leg
108 was to investigate the evolution of Cenozoic paleoclimate
and paleoceanography in the eastern subtropical Atlantic.
This study concentrates on the quantity and quality of organic
matter deposited at Sites 657, 658, and 659. Detailed studies of
organofacies types in marine sediments may provide impor-
tant information about the provenance of the organic matter,
its mode of transportation, and the depositional environment
(Arthur et al., 1984; Rullkétter and Mukhopadhyay, 1986;
Stein et al., 1986; Summerhayes, 1986). This information is
useful for a reconstruction of paleoclimate and paleoceanic
circulation in the Atlantic Ocean.

Site 657 (21°19.89'N, 20°56.93'W; water depth, 4227 m) is
located on the lower continental rise 380 km west of Cap
Blanc, outside the present-day influence of coastal upwelling
(Fig. 1). The 178-m sediment sequence of Miocene to Ho-
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locene age recovered can be divided into two lithologic
intervals. The Pliocene to Pleistocene interval consists of
light-colored nannofossil ooze alternating with darker colored
greenish gray, silt-bearing ooze. Two distinct slumps and
several turbiditic sequences are intercalated (Ruddiman, Sarn-
thein, et al., 1988; Faugeres et al., this vol.). The late Miocene
interval, separated from the overlying interval by a hiatus of
about 1.5 m.y. (Fig. 2), is dominated by brownish nannofossil-
bearing and barren clay/silty clay. The sedimentation rates at
Site 657 vary between 20 and 45 m/m.y. in the Pliocene-
Pleistocene and between 2.5 and 7 m/m.y. in the Miocene
(Fig. 2; Ruddiman, Sarnthein, et al., 1988).

Site 658 (20°44.95'N, 18°34.85'W; water depth, 2263 m)
was drilled on the continental slope 160 km west of Cap
Blanc, underneath a major coastal upwelling cell (Fig. 1;
Shaffer, 1976; Tomczak and Hughes, 1980). The 300-m
sequence of lower Pliocene to Holocene hemipelagic sedi-
ments is characterized by cyclic changes between light
nannofossil ooze and olive to gray calcareous, siliceous, and
siliciclastic sediments. Organic carbon contents reach val-
ues of up to 4%. Mean sedimentation rates vary between 72
and 147 m/m.y. (Fig. 2).

Site 659 (18°04.63'N, 21°01.57'W; water depth, 3070 m) is
located on top of the smooth Cape Verde Plateau, northeast of
the Cape Verde Islands (Fig. 1). The 273.8-m sequence
consists of Miocene to Holocene pelagic sediments character-
ized by cyclic changes between light gray nannofossil/fora-
minifer-nannofossil ooze and yellowish brown silty nannofos-
sil ooze. The amplitude of variation is less pronounced in the
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Figure 1. Location of ODP Sites 657, 658, 659, 660, and 661. Hatched
area marks upwelling off northwest Africa. Black arrows indicate
northeast trade winds.

early Pliocene and strongest in the middle/early Miocene.
Sedimentation rates vary between 30 m/m.y. (Pliocene-Pleis-
tocene) and 4 m/m.y. (Miocene) (Fig. 2).

FACTORS CONTROLLING DEPOSITION OF
ORGANIC-CARBON-RICH SEDIMENTS

In general, modern marine sediments are organic carbon
lean rather than organic carbon rich. A typical recent deep-sea
sediment has an organic carbon content as low as about 0.2%
(Mclver, 1975). However, intervals are known in the geolog-
ical record in which organic-carbon-rich sediments are much
more common and widespread, for example, the Cretaceous
black shales in the Atlantic Ocean (Schlanger and Jenkyns,
1976; Arthur et al., 1984; Stein et al., 1986). The deposition of
these organic-carbon-rich sediments requires special environ-
mental conditions, the most important of which are the
following:

1. oxygen-deficient environments resulting in increased
preservation of organic carbon (e.g., the modern Black Sea;
Degens and Ross, 1974);

2. areas characterized by high productivity of organic
matter (e.g., upwelling areas; Thiede and Suess, 1983);

3. areas with an increased supply of terrigenous organic
matter (e.g., Baffin Bay; Stein et al., 1989);

4. areas with high bulk sedimentation rates resulting in the
rapid burial of organic matter (e.g., in turbidites; Arthur et al.,
1984).

Three of these factors, the influences of high oceanic
productivity, supply of terrigenous organic matter, and tur-
bidites, can be studied in the sediments off northwest Africa.
Thus, not only should investigations of these Neogene to
Quaternary sediments yield information about the evolution of
the paleoenvironment off northwest Africa, but the results of
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these investigations may also give a more general model for
the deposition of organic-carbon-rich sediments in upwelling
environments. This might help to understand the origin of
Cretaceous black shales and other fossil organic-carbon-rich
strata.

METHODS

The organic geochemical methods used in this paper are summa-
rized in Figure 3.

Organic and inorganic carbon and total nitrogen were determined
using a HERAEUS CHN-Analyzer. In addition, several carbon
analyses were performed with a LECO IR-112 Carbon Analyzer (for
details and a comparison of organic carbon data derived from both
instruments, see Stein et al,, 1989). For a selected set of samples,
hydrogen and carbon were measured in kerogen concentrates by
means of the HERAEUS CHN-Analyzer in order to obtain atomic
hydrogen/carbon (H/C) ratios.

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

Kerogen microscopy analyses were carried out after kerogen
concentration by treating the samples successively with HCl and HF
in order to remove carbonates and silicates, respectively (Durand,
1980). The washed and dried material was embedded in a resin. After
polishing the resulting blocks, maceral analyses were performed on
these blocks by a two-scan method in reflected light and in a
fluorescence mode (cf. Littke, 1987). The macerals were classified
according to the nomenclature described by Stach et al. (1982) and
Hutton et al. (1980). For maturity assessments, vitrinite reflectances
were measured on particles larger than 10 pm (A = 546 nm, oil
immersion; see Stach et al., 1982).

Gas chromatography and gas chromatography/mass spectrometry
of extracts from selected samples were performed as described by ten
Haven et al. (this vol.).

Mass accumulation rates (MAR) were calculated according to van
Andel et al. (1975) with physical property and sedimentation rate data
from Ruddiman, Sarnthein, et al. (1988), as follows:

MAR (TOC) = (TOC/100) - LSR - [WBD — 1.026 (PO/100)],

where MAR = mass accumulation rates (g - cm™2 - 1000 yr™');
TOC = total organic carbon (wt%);
LSR = linear sedimentation rates (cm - 1000 yr™');
WBD = wet-bulk density (g - cm™3); and
PO = porosity (%).

For Site 658, we used the detailed record of sedimentation rates
based on oxygen isotopes derived by Sarnthein and Tiedemann (this
vol.).

Surface-water paleoproductivity was estimated with the following
equation:

P = 5.31+[C-(WBD — 1.026 - PO - 10~2)]%7! . SR%-07 . DEPO-45,

where P = paleoproductivity (gC - m~2 - yr™');
C = (marine) organic carbon (wt%);
WBD = wet-bulk density (g - cm™3);
SR = sedimentation rate (cm - 1000 yr™');
PO = porosity (%); and
DEP = paleowater depth of seafloor in meters.

This formula is based on the relationships among organic carbon
accumulation rates in surface sediments, sedimentation rates, water
depths, and measured (recent) surface-water productivity from the
central Pacific, the continental margins off northwest Africa, north-
west and southwest America, and the Argentine Basin areas (Miiller
and Suess, 1979; Betzer et al., 1984). For a detailed deduction and
limits on the use of the equation, see Stein (1986).

The amounts of quartz and nonquartz siliciclastics (mainly clay
minerals and feldspars) are determined by X-ray diffractometry
(XRD; method and data list in Tiedemann et al., this vol.).
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Figure 2. Mean sedimentation rates based on shipboard data (Ruddiman, Sarnthein, et al., 1988).

RESULTS

Quantity of Organic Matter

The entire sediment sequence of upwelling Site 658 is
characterized by high TOC values ranging between about
0.5% and 4% (Fig. 4 and Table 1). Such values are higher than
those recorded in normal open-marine environments. During
upper Pliocene times (below 100 mbsf), TOC values vary

between 1% and 4%; during the Pleistocene (above the hiatus
at about 100 mbsf), however, lower TOC contents of
0.5%—-2.5% are typical (Fig. 4). Throughout the entire section,
high-amplitude, short-term fluctuations in organic carbon oc-
cur. These cyclic variations have periods between about
20,000 to 100,000 yr, as shown in greater detail in Figure 4 for
three time intervals. The absolute maximum TOC values are
separated by about 10 m, which corresponds to about 100,000
yr, based on mean sedimentation rates (Fig. 2).
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The sediments at nonupwelling Sites 657 and 659 are
characterized by low TOC contents, with values between
0.05% and 0.5% during Pliocene-Pleistocene times and below
0.1% during late Miocene times (Fig. 5 and Table 2). These
values are typical for modern open-marine environments
(Mclver, 1975). At Site 657, four events with high TOC
contents of 1%-3% are recorded (Fig. S). Three of these
intervals are from turbiditic sequences, and the fourth is from
a slump deposit.

Because changes in the percentage values of TOC can
result from changes in both organic carbon supply and depo-
sition of mineral matter (mainly carbonate and siliciclastic
material), TOC percentage values from Sites 658 and 659 were
transformed into mass accumulation rates of organic carbon
(see “*Methods™ section, this chapter). This procedure was
not performed on TOC data from Site 657 because of the
repeated occurrence of turbidites (cf. Faugéres et al., this
vol.). With these mass accumulation rates, dilution effects by
mineral matter can be excluded, and the organic carbon data
can be interpreted in terms of changes in supply and/or
preservation of organic matter.

At Site 658, the accumulation rates of organic carbon vary
between 0.05 and 0.5 gC - cm™2 - 1000 yr~! (Fig. 6). Higher
values of ~0.3-0.5gC - cm™2- 1000 yr~! are found between 3.5
and 3.1 Ma, and between 2.4 and 1.6 Ma values between 0.1
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Figure 3. Summary of organic geochemical methods used in this study.
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RECONSTRUCTION OF PALEOENVIRONMENT I

and 0.2 gC - cm™2 - 1000 yr~! occur. During the last 0.7 Ma,
high-amplitude variations of organic-carbon accumulation
rates between 0.05 and 0.35 gC - cm™2 - 1000 yr~! are typical
(Fig. 6).

At Site 659, mass accumulation rates of organic carbon are
one order of magnitude lower (Fig. 6). They vary between
0.003 and 0.01 gC - cm~2- 1000 yr~! during the last 4.5 Ma. In
the upper Miocene, extremely low accumulation rates around
0.002 gC - cm~2 - k.y.”! have been recorded (Fig. 6).

Quality of the Organic Matter

To determine the factors controlling the deposition of
organic carbon in a specific environment, it is necessary to
know the amounts of marine and terrigenous organic carbon.
Based on TOC data only, a reconstruction of the depositional
history of organic carbon is of very limited significance.

In this study, the amounts of marine and terrigenous
organic carbon have been estimated by a joint application of
different analytical methods: Rock-Eval pyrolysis, C/N ratios,
kerogen microscopy, gas chromatography, and gas chroma-
tography/mass spectrometry. The use of different independent
methods to qualify the organic matter is important because
factors other than the primary source may also influence the
organic matter composition. Thus, additional information
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Figure 4. Total organic carbon contents at Site 658 (data of Table 1). Open triangles mark absolute
TOC maxima. Based on mean sedimentation rates, the distance between triangles is about 100,000 yr.
On the right-hand side, three intervals are shown enlarged to indicate short-term fluctuations.

about the stage of maturity (diagenesis) is helpful for the
interpretation.

Rock-Eval Pyrolysis

Hydrogen and oxygen index values derived from Rock-Eval
pyrolysis are shown in Figure 7. The data suggest that most of
the organic matter in sediments from Site 658 is a mixture of
kerogen types II and III, a mixture of marine and terrigenous
material. The unusually high oxygen indexes may result from
significant amounts of labile organic matter (e.g., sugars, pro-
teins) still present in immature marine sediments. Throughout
the entire sequence, most of the hydrogen index values are
relatively high and vary between 200 and 400 mgHC/g C,, (Fig.

8), suggesting that a major portion of the organic matter may
have been derived from marine algae, phytoplankton, zooplank-
ton, and bacteria. Rough estimates of the amount of marine
organic carbon based on the hydrogen indexes vary between
about 40% and 80% (Table 1, col. 7; estimates based on the
correlation between hydrogen indexes and maceral composition
shown for DSDP sediments in Stein et al., 1986).

In the pelagic sediments of Sites 657 and 659, hydrogen index
values are significantly lower, ranging between about 50 and 120
mgHC/g C,,, (Tables 3 and 4; open squares in Fig. 7). The slump
deposit sediments at Site 657 are characterized by hydrogen in-
dexes very similar to those measured for sediments from Site 658
(160—-320 mgHC/C,,,; open circles in Fig. 7; Table 3).
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Table 1. Summary of data from Site 658.

Core, section, Depth
interval (cm)  (mbsf) CaCO; Cyyy Cop Coy MOM Ny CON  HI Ol Ty
108-658A-
1H-1, 40 0.40 30.3 6.30 3.83 2.67 0.29 9
1H-1, 120 1.20 57.5 7.99 1.09 65 0.16 7 350 492 409
1H-2, 40 1.90 7.04 0.23
1H-2, 120 2,70 39.3 5.39 0.67 55 0.10 7 242 642 415
1H-3, 40 3.40 36.4 504 106 0.67 45 0.07 10 182
1H-3, 120 4.20 377 5.26 0.74 70 0.16 5 454 561 420
1H-4, 34 4.84 39.0 5.64 0.96 60 0.21 5 285 442 415
1H-4, 40 4.90 44.0 6.66 246 1.38 0.15 9
3H-1, 40 15.60 46.3 7.42 346 1.86 0.18 10
3H-1, 120 16.40 52.8 7.57 1.23 45 0.27 5 205 432 409
3H-2, 40 17.10 45.5 6.38 1.68 091 55 0.10 9 252 417
3H-3, 40 18.60 344 5.83 260 171 50 0.22 8 220 419
3H-3, 120 19.40 48.3 6.72 0.92 60 0.20 5 297 527 416
3H-4, 40 20.10 6.46 0.17
3H-4, 120 20.90 41.2 5.7 0.77 55 0.13 6 260 492 414
3H-5, 40 21.60 5.46 0.07
3H-5, 140 22.60 394 6.92 2.19 65 0.17 13 322 417
3H-6, 34 23.04 36.4 5.61 1.24 55 0.24 5 274 332 414
3H-6, 40 23.10 25.6 4.16 144 107 30 0.08 13 86
4H-1, 59 25.29 40.3 6.56 290 1.73 50 0.17 100 213
4H-1, 120 25.90 48.4 7.09 1.28 65 0.18 7 309 355 415
4H-2, 40 26.60 41.3 6.65 289 L70 0.11 15
4H-2, 120 27.40 359 5.43 1.12 65 0.14 8 338 426 418
4H-3, 40 28.10 5.37 0.18
4H-3, 120 28.90 344 5.99 1.86 60 0.25 7 280 245 415
4H-4, 40 29.60 428 6.59 255 146 0.17 9
4H-4, 120 30.40 33.6 6.39 2.36 60 0.33 7 284 287 411
4H-5, 40 3110 26.8 6.24 413 3.02 0.29 10
4H-5, 120 31.90 45.1 6.95 1.54 65 0.23 7 310 329 414
4H-6, 40 32.60 42.6 645 233 134 40 0.11 12 168 418
4H-6, 120 33.40 40.4 5.62 0.77 55 0.11 7 242 503 423
5H-1, 84 35.02 45.8 6.92 1.42 60 0.19 8 293 402 424
5H-2, 40 36.02 22.1 547 3.62 282 40 0.19 15 148 406
5H-2, 120 36.82 41.4 5.87 0.90 55 0.15 6 258 388 422
5H-3, 40 37.48 39.6 6.30 2.57 1.55 0.15 10
5H-3, 120 38.28 35.2 5.20 0.98 55 0.12 8 269 415 415
5H-4, 40 39.58 6.13 0.13
5H-5, 40 40.49 254 567 351 262 15 0.07 37 68
5H-5, 120 41.19 48.0 6.43 0.67 60 0.15 4 281 510 41l
5H-6, 40 41.85 32.1 487 1.50 1.02 0.06 17
5H-6, 120 42.65 56.0 8.25 1.53 65 0.19 8 333 341 422
SH-7, 34 43.27 63.5 9.09 1.47 65 0.17 9 310 280 420
5H-7, 38 43.31 50.3 855 5.05 251 0.23 11
6H-1, 59 44.29 8.68 0.18
6H-1, 84 44.54 52.9 7.96 1.61 60 0.13 12297 336 414
6H-2, 40 45.60 48.2 791 411 213 65 0.18 12 353 416
6H-2, 120 46.40 31.9 4.77 0.94 45 0.15 6 205 412 419
6H-3, 40 47.10 48.7 7.60 343 176 65 0.16 11 343 416
6H-3, 120 47.90 479 6.67 0.92 60 0.12 8 308 441 425
6H-5, 120 50.90 40.4 6.42 1.57 55 0.19 8 277 329 416
6H-6, 40 51.60 45.2 731 345  1.89 60 0.16 12 268
6H-6, 120 52.40 56.0 7.83 1.11 70 0.08 14 361 280 420
6H-7, 34 52.77 25.8 4.43 1.33 60 0.18 7 286 288 413
6H-7, 40 52.83 28.3 537 276 198 0.16 12
7H-1, 120 54.40 45.5 6.18 0.72 50 002 36 247 458 415
7H-2, 40 55.10 6.24 0.07
7H-2, 120 55.90 37.0 4.97 0.53 45 0.09 6 172 630 403
7H-3, 40 56.60 44.3 639 193 1.08 0.08 14
7H-3, 120 57.40 53.3 7.21 0.81 60 0.14 6 288 532 412
7TH-4, 40 58.10 56.7 839 366 1.58 60 0.12 13 282 414
TH-4, 120 58.90 47.0 6.17 0.53 55 0.04 13 268 760 407
8H-1, 40 63.10 54.3 796 316 1.44 0.13 11
8H-1, 120 63.90 42.2 6.53 1.47 45 0.17 9 182 305 412
8H-2, 40 64.60 56.8 846 381 1.65 60 0.15 1 297 413
8H-2, 118 65.38 49.8 6.83 0.85 65 0.09 9 345 578 418
8H-3, 40 66.10 5.66 0.11
8H-3, 115 66.85 41.0 5.36 0.44 60 0.08 6 289 641 405
8H-4, 40 67.60 30.5 4.06 057 0.40 50 0.04 10 225
8H-4, 120 68.40 57.6 7.77 0.86 65 0.17 5 344 628 412
8H-5, 40 69.10 49.9 682 1.66 0.83 45 0.08 10 183
8H-5, 120 69.90 50.0 6.72 0.72 60 0.06 12 306 531 422
8H-6, 40 70.60 55.8 7.65 216 0.95 50 0.08 12 241 410
8H-6, 81 71.01 68.0 9.01 0.85 70 0.06 14 379 406 421
9H-1, 40 72.60 6.25 0.19
9H-1, 120 73.40 54.9 8.04 1.45 65 007 21 317 332 420
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Table 1 (continued).

Core, section, Depth

interval (cm)  (mbsf) CaCO; Ciyy Cug Coy MOM Ny CN  HI O Tpuy
9H-2, 52 74.22 331 510 169 113 0.05 23
9H-2, 120 74.90 62.6 8.46 0.95 50 0.10 10 238 468 415
9H-3, 40 75.60 8.22 0.12
9H-3, 86 76.06 52.9 7.92 1.57 45 0.07 22 203 235 418
9H-4, 40 77.10 44.6 8.54 575 3.8 50 0.20 16 254 414
9H-4, 120 77.90 44.2 6.89 1.59 60 0.20 8 291 293 421
9H-5, 40 78.60 8.49 0.17
9H-5, 120 79.40 52.0 7.93 1.69 65 0.12 14 356 260 424
9H-6, 40 80.10 40.2 7.99 530 3.17 0.22 14
9H-6, 120 80.90 48.2 7.54 1.76 65 0.20 9 330 266 421
10H-1, 40 82.10 45.2 748 375 205 65 0.16 13 318 416
10H-1, 120 82.90 60.5 872 1.46 70 0.12 12 397 354 409
10H-1, 139 83.00 52.6 8.48 2.17 65 0.15 14 332 420
10H-2, 40 83.60 k) iy 567 273 186 50 0.12 16 234 408
10H-2, 120 84.90 56.2 8.02 1.28 55 0.16 8 254 298 421
10H-3, 40 85.10 47.3 7.49 345 182 65 0.16 11 310 410
10H-3, 120 85.90 43.5 7.02 1.80 50 0.19 9 238 311 412
10H-4, 40 86.60 6.62 0.19
10H-4, 120 87.40 36.1 5.49 1.16 55 0.15 8 243 402 415
10H-5, 40 88.10 30.7 6.45 400 277 0.28 10
10H-5, 118 88.88 38.4 6.24 1.63 55 0.23 7 275 329 416
10H-5, 138 89.00 44.3 7.09 1.77 60 0.18 10 280 421
10H-6, 40 89.60 48.3 7.55 339 175 0.16 11
10H-6, 48 89.68 50.9 7.51 1.40 60 0.15 9 306 304 418
10H-7, 120 91.90 28.5 6.37 2.95 55 0.28 11 275 202 419
11H-2, 24 92.72 49.3 7.30 1.38 60 0.21 7 29 341 414
11H-2, 42 92.80 42.6 694 3.19 1.83 0.21 9
11H-3, 42 94.11 29.8 6.88 4.70 330 0.27 12
11H-3, 84 94.50 29.8 6.52 2.95 65 0.28 11 369 415
11H-3, 96 94.65 24.8 6.24 3.26 65 0.47 7 337 208 416
11H-3, 102 94.70 26.9 6.10 2.87 65 0.25 11 324 241 417
11H-4, 42 95.46 17.6 439 277 228 50 0.19 12 233 415
11H-4, 62 95.66 28.9 4.96 1.49 55 0.31 5 255 300 417
11H-4, 116 96.13 46.5 7.40 1.82 0.36 S
11H-4, 120 96.17 45.8 6.85 1.35 65 0.22 6 353 36l 414
11H-5, 42 96.69 26.8 431 149 109 0.10 11
11H-5, 120 97.47 26.1 3.81 0.68 80 0.07 10 656 706 419
11H-6, 42 98.00 28.0 476 195 140 50 0.11 13 234 416
11H-6, 120 98.78 36.0 6.48 2.16 55 0.20 11 276 257 415
11H-7, 24 99.25 394 6.39 1.66 55 0.08 21 266 235 426
11H-7, 42 99.43 383 7.15 4.1 255 0.22 12
11H-7, 83 99.80 2.79 65 321 420
11H-8, 42 100.83 303 498 194 1.35 0.05 27
12H-1, 24 100.90 35.7 6.30 2.02 55 0.22 9 247 267 414
12H-1, 40 101.06 29.7 633 394 277 55 0.27 10 259 416
12H-2, 32 102.20 203 4.60 1.09 55 0.11 10 239 417
12H-2, 118 102.98 28.1 5.55 2,18 50 0.13 17 22 219 418
12H-3, 50 103.57 324 477 131 0.89 45 0.10 9 199
12H-3, 120 104.27 326 6.04 213 55 0.26 8 262 192 423
12H-4, 40 104.89 6.23 0.29
12H-4, 102 105.39 34.4 5.84 1.71 65 0.19 9 313 275 422
12H-5, 24 106.01 41.8 6.83 1.81 65 0.20 9 343 300 415
12H-5, 40 106.17 36.6 7.50 490 311 55 0.23 14 250
12H-6, 40 107.35 5.58 0.18
12H-6, 82 107.77 338 5.08 1.02 50 0.24 4 218 311 415
12H-6, 120 108.10 325 4.91 1.01 55 0.16 6 245 275 419
12H-7, 40 108.80 22.1 5.04 239 60 0.20 12 305 421
12H-8, 50 110.04 7.27 0.21
12H-8, 59 110.13 40.1 6.70 1.89 60 0.21 9 280 264 421
13H-1, 42 110.53 7.37 0.26
12H-CC, 20  110.53 27.0 5.90 2.66 50 0.34 8 235 190 418
13H-1, 59 110.70 37.9 6.77 222 60 0.15 15 300 260 413
13H-2, 40 111.69 30.8 545 253 L35 0.15 12
13H-2, 120 112.49 329 6.66 2.71 55 0.21 13 266 178 422
13H-3, 40 112.97 29.8 7.46 553 3.88 60 0.30 13 308 416
13H-3, 116 113.73 26.8 4.84 1.62 50 0.10 16 230 280 421
13H-4, 40 114.24 36.9 6.77 371 234 70 0.25 9 362 404
13H-4, 120 115.04 23.2 4.49 1.71 55 0.16 11 253 218 427
13H-5, 40 115.52 27.8 6.20 396 286 0.24 12
13H-5, 120 116.32 37.9 6.95 2.40 60 0.26 9 300 241 411
13H-6, 42 116.87 7.83 0.24
13H-6, 84 117.29 41.2 6.99 2.05 50 0.21 10 209 303 420
13H-7, 40 118.07 219 6.21 397 286 55 0.29 10 269
13H-7, 120 118.87 4.9 7.29 1.90 55 0.21 9 266 278 421
13H-9, 42 119.47 7.08 0.21
14H-1, 40 119.87 2.8 398 161 1.24 45 0.11 11 190 412
14H-1, 120 120.67 17.9 312 0.97 40 0.10 10 143 323 414
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Table 1 (continued).

Core, section, Depth

interval (cm)  (mbsf) CaCO; Ciyy Cory Cog MOM Nyg ON  HI O Tppey
14H-1, 135 120.80 31.0 5.67 1.95 65 0.26 8§ 319 222 412
14H-2, 40 121.12 26.3 6.51 4.55 3.35 60 0.30 11 291 415
14H-2, 94 121.68 24.8 5.95 2.97 65 0.30 10 33 200 408
14H-2, 108 121.80 18.7 5.46 3.22 65 0.27 12 355 417
14H-2, 120 121.89 24.7 5.63 2.67 55 0.33 8 249 225 406
14H-3, 40 122.49 21.8 501 319 249 55 0.24 10 278 406
14H-4, 34 123.63 33.4 5.94 1.93 0.24 8
14H-4, 40 123.69 5.95 0.28
14H-5, 34 124.85 32.1 5.66 1.81 45 0.18 10 197 266 425
14H-5, 53 125.03 26.9 480 215 1.57 60 0.17 9 285 418
14H-6, 40 126.03 3.88 0.16
14H-6, 85 126.48 25.6 5.66 2.59 45 0.23 11 182 251 419
14H-7, 34 127.29 26.7 5.54 2.34 55 0.29 8 233 251 413
14H-7, 40 127.35 23.2 560 367 282 0.29 10
14H-8, 40 128.67 6.28 0.18
14H-CC, 17 129.00 34.8 5.68 1.50 60 0.15 10 281 417
15H-1, 34 129.49 24.4 4.61 1.68 45 0.16 11 186 299 416
15H-1, 46 129.61 15.8 415 2.68 2.26 45 0.17 13 162
15H-2, 37 130.67 5.03 0.25
15H-2, 120 131.49 26.0 5.86 2.74 45 0.26 11 202 238 424
15H-3, 51 132.06 20.5 597 442 352 65 0.30 12 328 411
15H-3, 120 132.76 29.2 5.69 2.19 50 0.16 14 218 213 418
15H-4, 44 133.32 7.15 0.24
15H-4, 88 133.76 42.8 6.33 1.19 50 0.13 9 222 408 417
15H-5, 43 134.59 6.87 0.17
15H-5, 88 135.03 34.7 6.03 1.87 50 0.18 10 207 238 425
15H-6, 46 135.88 6.62 0.24
15H-6, 84 136.26 37.3 6.33 1.85 55 0.24 8§ 242 259 417
15H-7, 34 137.11 27.9 5.69 2.34 60 0.31 8 282 305 415
15H-7, 46 137.23 20.4 5.95 440 3.50 0.30 12
15H-8, 46 138.60 19.2 4.99 333 269 0.22 12
16H-1, 92 139.60 13.8 5.12 3.47 70 0.32 11 371 420
16H-1, 120 139.84 17.2 5.15 3.09 55 0.46 7 258 16l 426
16H-2, 40 140.47 27.3 6.01 376 273 0.24 11
16H-2, 120 141.27 223 5.85 3.17 55 0.29 11 262 214 411
16H-3, 40 141.89 21.6 5.63 3.88 3.04 70 0.27 11 381 414
16H-3, 120 142.69 35.0 5.7 1.51 55 0.13 12 260 345 413
16H-4, 20 143.12 34.6 5.88 1.73 65 0.17 10 315 420
16H-4, 40 143.32 28.8 6.39 412 293 0.26 11
16H-4, 120 144,12 23.6 5.27 2.44 50 0.23 11 211 185 422
16H-5, 40 144.74 27.6 6.36 421  3.05 50 0.27 11 216 414
16H-5, 120 145.54 36.1 6.82 2.49 60 0.20 12 280 240 415
16H-6, 40 146.17 4.62 0.15
16H-6, 120 146.97 36.0 5.63 1.31 65 0.13 10 346 229 410
16H-7, 40 147.67 273 566 328 238 55 0.20 12 240 412
17H-1, 40 148.60 32.9 7.64 550 3.69 55 0.30 12 243 407
17H-1, 120 149.40 30.7 6.73 3.05 65 0.29 11 322 229 416
17H-2, 34 150.04 31.2 6.64 2.90 60 0.29 10 298 187 425
17H-2, 40 150.10 6.61 0.28
17H-3, 40 151.60 42.0 7.87 488 2.8 65 0.36 8 318 417
17H-3, 120 152.40 27.1 6.36 i 55 0.33 9 262 216 422
17H-4, 40 153.10 6.17 0.24
17H-4, 120 153.90 16.2 4.21 2.27 60 0.27 8 281 188 425
17H-5, 34 154.54 31.3 6.01 2.25 55 0.26 9 247 220 420
17H-5, 40 154.60 26.0 597 385 285 55 0.27 11 268 410
17H-6, 34 156.04 2.2 5.83 1.97 60 0.12 6 293 213 425
17H-6, 46 156.16 329 6.48 377 2.53 55 0.22 11 262 409
19X-1, 44 158.19 47.3 749 344 18] 50 0.17 11 235 419
19X-1, 84 158.59 24.4 3.96 1.03 45 0.11 9 170 403 409
19X-2, 34 159.42 24.5 5.14 2.20 50 0.23 10 231 228 410
19X-2, 40 159.48 21.6 463 260 2.04 0.21 10
19X-3, 84 160.88 29.7 6.44 2.88 55 0.28 100 247 217 425
19X-4, 35 161.76 21.5 633 478 375 55 0.29 13 251 414
19X-4, 120 162.61 31.6 6.34 2.55 55 0.25 10 256 205 423
19X-5, 44 162.96 28.5 638 414 29 50 0.24 12 224
19X-5, 84 163.36
19X-6, 34 164.38 23.1 5.40 2.63 50 0.22 12 228 194 420
19X-6, 44 164.48 16.4 549 421 352 55 0.34 10 253 414
19X-7, 40 165.54 21.2 5.44 368 290 55 0.29 10 253 415
19X-7, 120 166.34 39.3 6.14 1.42 50 0.18 8§ 221 3 425
20X-1, 40 167.35 5.44 0.15
20X-1, 120 168.15 22.9 3.86 L.11 45 0.16 7 203 430 408
20X-2, 38 168.51 30.9 543 249 172 45 0.21 8 177 419
20X-2, 84 168.97 42.2 6.35 1.29 45 0.17 8 191 424 415
20X-3, 34 169.50 47.0 6.74 1.10 55 0.15 72719 473 418
20X-3, 40 169.56 43.1 7.04 328 1.87 45 0.13 14 180 422
20X-7, 40 173.14 9.5 3.67 280 254 012 21



Table 1 (continued).

MARINE AND TERRIGENOUS ORGANIC CARBON

Core, section, Depth

interval cm)  (mbsf) CaCO; Ciy Cog Cog MOM Ny CN  HI Ol Tpg
20X-7, 84 173.58 32.3 5.07 1.19 50 0.11 11 212 400 414
20X-8, 38 173.92 49.1 8.19 452 230 50 0.21 11 208 418
20X-8, 120 174.74 44.5 7.60 2.26 60 0.24 9 296 349 416
20X-9, 34 174.96 354 7.85 5.58 3.61 55 0.31 12 246 416
20X-9, 84 175.46 38.2 7.62 3.04 55 0.31 10 242 241 418
21X-1, 40 176.90 31.2 6.23  3.61 2.48 50 0.22 11 208 418
21X-2, 37 178.34 7.33 0.25
21X-2, 84 178.81 40.5 6.74 1.88 50 0.10 19 231 247 422
21X-3, 41 179.88 379 6.55 322 2.0 50 0.19 11 226 417
21X-4, 39 180.76 36.2 6.14  2.81 1.79 45 0.21 9 190 419
21X-4, 110 181.46 42.6 6.12 1.01 45 0.06 17 192 462 411
21X-5, 38 181.96 26.0 5.13 272 2.01 50 0.22 9 224 419
21X-5, 120 182.76 38.4 6.22 1.61 65 0.19 8 352 316 411
21X-6, 10 183.00 38.5 6.20 1.58 65 316 419
21X-6, 40 183.31 40.5 6.60 2.92 1.74 0.20 9
21X-6, 54 183.45 43.8 6.64 1.38 50 0.19 7 213 406 410
21X-8, 40 185.91 13.8 4,01 273 235 45 0.25 9 200 417
22X-2, 40 188.04 14.7 517 400 341 60 0.34 10 283
22X-2, 71 188.34 19.9 5.20 2.81 55 0.28 10 243 210 409
22X-3, 46 189.40 21.8 6.14 4,51 3.53 55 0.32 11 244 417
22X-4, 38 190.69 29.3 630 394 279 55 0.38 10 256 418
22X-5, 45 192.00 323 6.78 429 29 55 0.27 11 274 421
22X-6, 55 193.29 333 852 399 253 55 0.28 9 272 409
22X-7, 47 194.63 37.5 6.0 3.84 240 S5 0.20 12 264 409
22X-7, 100 195.16 40.9 6.96 2.05 55 0.20 10 267 278 414
23X-1, 40 196.08 7.38 0.22
23X-1, 119 196.80 47.7 7.66 1.94 65 0.23 8 332 422
23X-1, 123 196.90 21.9 4,33 1.70 70 0.18 9 392 291 400
23X-1, 126 196.92 49.1 7.50 1.61 55 0.20 8 257 370 414
23X-2, 48 197.39 43.3 7.79 457 259 55 0.20 13 236 409
23X-2, 108 197.99 46.4 7.56 1.99 70 0.19 10 362 212 408
23X-3, 40 198.60 45.4 8.05 477 261 50 0.21 12 218 408
23X-3, 56 198.78 48.3 7.58 1.78 55 0.20 9 251 335 413
23X-4, 40 199.70 40.2 795 523 3.13 50 0.26 12 214 417
23X-4, 126 200.56 51.1 8.24 2.11 55 0.20 11 2n 304 408
23X-5, 35 201.04 47.1 7.76 2.11 55 0.24 9 263 300 411
23X-5, 40 201.09 7.87 0.25
23X-6, 64 202.49 39.9 6.90 211 50 0.17 12 229 276 408
23X-7, 18 203.30 24.0 7.12 558 424 50 0.34 12 224 413
23X-7, 34 203.46 34.2 7.06 2.96 55 0.23 13 280 243 413
23X-8, 76 205.18 40.0 6.91 2.11 55 0.19 11 245 264 409
23X-9, 52 205.42 36.0 6.89 402 257 0.17 15
23X-9, 90 205.50 41.8 7.22 2.21 65 0.22 10 353 420
24X-1, 14 205.52 44.0 6.93 1.65 60 0.16 10 298 312 407
24X-2, 63 207.19 44.4 745 3.82 212 55 0.25 8 273 413
24X-2, 130 207.89 36.9 6.71 2.28 55 0.27 8 244 295 412
24X-3, 40 208.36 30.1 7.23 5.8 362 55 0.30 12 237 419
24X-3, 76 208.74 45.5 7.69 2.23 45 0.24 9 203 m 414
24X-4, 17 209.40 36.7 8.14 59 373 50 0.28 13 234 416
24X-4, 113 210.40 41.9 6.99 1.96 55 0.26 8 244 242 415
24X-5, 18 210.85 5.13 0.21
24X-5, 38 211.05 14.9 509 388 330 55 0.25 13 273 418
24X-5, 58 211.25 22.7 4.81 2.09 45 0.30 7 206 285 422
24X-6, 44 212.40 27.6 7.40 565 409 0.28 15
24X-6, 88 212.80 30.5 6.88 322 70 0.32 10 375 422
24X-6, 100 212.96 30.4 6.68 3.03 50 0.30 10 237 255 407
24X-7, 33 213.68 35.5 645 339 219 55 0.18 12 256 421
24X-7, 46 213.81 41.3 6.97 2.0 50 0.24 8 221 345 412
24X-8, 26 214.78 32.8 6.82 429 288 0.28 10
24X-8, 17 214.88 36.8 6.24 1.82 65 0.23 8 310 287 417
24X-9, 8 215.00 38.0 6.69 2.13 50 0.29 7 221 276 406
25X-1, 41 215.30 34.9 6.57 3.66 238 50 0.22 11 230 419
25X-1, 118 216.03 42.0 6.90 1.86 70 0.24 8 378 245 426
25X-1, 123 216.08 36.5 7.17 440 280 55 0.24 12 245 415
25X-1, 126 216.11 41.5 7.24 2.26 55 0.13 17 245 225 419
25X-2, 38 216.70 3.0 7.60 5.43 3.64 50 0.28 13 214
25X-2, 120 217.50 46.0 6.85 1.33 75 0.24 6 51 508 415
25X-3, 40 218.15 39.0 697 375 229 55 0.19 12 254 415
25X-3, 69 218.45 40.9 6.83 1.92 50 0.23 8 218 298 414
25X-4, 40 219.61 29.1 529 254 1.80 65 0.22 8 322 419
25X-4, 49 219.70 28.2 5.10 1.72 50 0.17 10 232 M 408
25X-5, 38 221.02 25.3 534 3.09 231 0.45 5
25X-5, 65 221.29 37.6 6.26 1.75 50 0.24 7 261 258 420
25X-5, 121 221.80 42.8 7.04 333 1.90 50 0.19 10 221 420
25X-6, 16 222.25 6.94 0.15
25X-6, 41 222.51 48.5 7.19 50 0.16 9 234 395 412
25X-6, 64 222.73 48.0 7.15 90 0.13 11 879 465 416
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Table 1 (continued).

Core, section,  Depth

interval (cm)  (mbsf) CaCO; Ciyy Corgr Coy MOM Ny CN  HI O Tpy
25X-7, 34 223.88 44.8 7.19 1.81 50 0.17 11 236 328 404
25X-7, 60 224.14 316 6.49 395 270 50 0.30 9 212
26X-1, 21 224.56 42.4 6.53 1.44 40 0.14 10 155 415 422
26X-1, 41 224.76 6.88 0.20
26X-2, 30 225.71 1.31 60 12 297
26X-2, 49 225.86 393 682 346 2.10 50 0.23 9 210 424
26X-2, 91 226.26 49.9 7.11 1.12 50 0.12 9 209 417 427
26X-2, 96 226.30 49.2 7.17 1.27 60 0.25 5 282 365 420
26X-3, 76 227.28 354 595 264 171 45 0.22 8 180 421
26X-3, 84 227.36 38.6 5.95 1.32 45 0.20 7 194 346 419
26X-4, 47 228.15 329 6.14 326 2.19 50 0.21 10 214
26X-4, 69 228.35 34.0 6.03 1.95 65 0.25 8 314 423
26X-4, 84 228.52 30.9 5.38 1.67 55 0.22 8 242 258 425
26X-4, 86 228.53 32.0 5.59 1.75 60 0.35 5 308 271 415
26X-5, 5 229.06 28.5 5.17 1.75 45 0.19 9 170 222 425
26X-6, 30 230.41 39.4 6.72 1.99 50 0.15 13 230 228 425
26X-6, 39 230.50 34.0 7.08 455 3.0 35 0.26 12 253 419
26X-7, 30 231.57 42.0 6.40 1.36 40 0.19 7 166 342 425
26X-7, 34 231.61 374 631 291 1.8 50 0.21 9 218 422
26X-8, 30 232.73 9.4 2.83 1.70 35 0.16 11 105 284 418
26X-8, 36 232.79 18.1 3.56 1.69 1.38 45 0.21 7 189 416
26X-9, 10 233.73 11.4 2.96 1.59 40 0.23 7 135 274 416
26X-9, 43 234.04 3.76 0.23
27X-1, 40 234.30 43.2 691 304 173 40 0.16 11 163
27X-1, 68 234.57 48.9 6.97 1.10 50 0.14 8 206 421 424
27X-2, 48 235.85 47.9 736 3.09 161 45 0.19 8 188 423
27X-2, 102 236.37 49.3 7.21 1.29 65 0.14 9 312 323 423
27X-2, 103 236.38 49.1 7.28 1.39 60 0.14 10 284 306 421
27X-3, 60 237.42 49.4 7.74 359 1.8 50 0.19 10 235 420
27X-3, 120 238.02 44.8 7.44 2.06 50 0.13 16 236 226 428
27X-4, 41 238.70 39.5 7.40 440 266 50 0.21 13 236
27X-4, 86 239.15 42.6 7.07 1.96 50 0.21 9 236 291 417
27X-5, 18 239.97 28.7 6.47 425 3.03 50 0.30 10 241
27X-5, 100 240.76 26.2 6.35 3.21 65 0.29 11 326 195 422
27X-5, 120 240.96 21.7 5.79 3.19 50 0.25 13 220 176 424
27X-6, 26 241.52 6.17 0.26
27X-6, 68 241.92 41.9 6.37 1.34 45 0.06 22 184 299 430
27X-7, 48 243.20 43.2 7.22 358 203 50 0.20 10 228 428
27X-7, 62 243.33 28.9 5.70 2.23 60 0.18 12 301 240 422
28X-1, 40 243.72 12.5 503 403 3352 50 0.34 10 211 412
28X-1, 120 244.52 10.8 3.75 2.45 55 0.23 11 256 198 418
28X-2, 47 245.20 5.35 0.34
28X-2, 120 245.92 29.1 591 2.42 50 0.29 8 230 297 407
28X-3, 37 246.47 25.7 6.52 462 343 50 0.26 13 216 419
28X-3, 115 247.27 34.2 6.82 272 55 0.28 10 273 231 414
28X-4, 043 247.93 23.9 564 364 277 45 0.28 10 205 423
28X-4, 120 248.72 14.0 5.00 i3 50 0.38 9 243 173 429
28X-5, 37 249.30 2.2 401 383 375 50 0.32 12 238 415
28X-5, 110 250.00 16.3 5.39 3.44 70 0.36 10 379 421
28X-5, 118 250.10 19.3 5.50 318 55 0.31 10 251 194 422
28X-6, 28 250.61 6.53 0.34
28X-6, 92 251.25 33.1 6.67 2.70 55 0.12 23 7 174 425
28X-7, 30 252.08 35.1 6.72 2.51 55 0.27 9 246 225 421
28X-7, 37 252.15 27.5 679 481 3.49 50 0.27 13 215 414
29X-2, 32 254.62 7.3 411 349 324 50 0.28 12 232 427
29X-2, 97 255.22 14.2 3.96 2.26 55 0.24 9 274 214 416
29X-2, 124 255.47 10.3 3.22 1.98 45 0.26 8 182 221 431
29X-3, 38 256.12 7.4 362 295 273 50 0.29 9 221 413
29X-4, 39 257.47 33.4 598 29 197 45 0.22 9 200 417
29X-4, 101 258.07 373 6.12 1.64 60 0.21 8 293 323 412
29X-5, 40 258.90 5.86 0.25
29X-3, 56 259.05 243 4.78 1.86 50 0.19 10 231 255 420
29X-6, 39 260.30 6.53 0.21
29X-6, 56 260.46 42.6 6.26 1.15 60 0.07 16 228 390 417
29X-7, 42 261.84 523 0.22
29X-7, 44 261.86 6.8 4.17 3.35 K] 0.13 26 99 122 431
29X-8, 26 262.15 8.8 3.32 2.26 60 0.22 10 308 423
29X-8, 38 262.24 3.26 0.28
29X-8, 44 262.30 6.8 3.50 2.68 60 0.24 11 294 127 427
30X-1, 44 262.86 33 284 253 245 70 0.23 10 416
30X-1, 50 262.90 10.5 3.02 1.76 50 0.20 9 214 238 428
30X-3, 45 265.85 19.8 456 272 218 0.20 11
30X-3, 54 265.94 17.6 4.17 2.06 55 0.22 9 253 224 424
30X-4, 40 267.30 5.36 0.29
30X-4, 49 267.39 28.8 5.82 2.36 55 0.28 8 272 162 0
30X-5, 48 268.89 25.5 5.48 325 242 50 0.25 10 235 418
30X-5, 119 269.59 225 5.64 2.94 60 0.27 11 294 195 0
30X-6, 87 270.77 27.3 6.46 438 3.18 55 0.27 12 239 414



Table 1 (continued).

MARINE AND TERRIGENOUS ORGANIC CARBON

Core, section, Depth

interval (cm) (mbsf) CaCO; Cyy Corg’ Corg MOM Ny C/N HI 01 Trnax
31X-1, 40 272.29 6.16 0.36
31X-1, 119 273.09 30.4 595 2.30 55 0.22 10 245 248 418
31X-2, 40 273.80 577 0.29
31X-2, 121 274.61 34.2 593 1.83 50 0.25 T 219 274 428
31X-3, 40 275.30 18.8 577 433 3:52 55 0.33 11 261 413
31X-3, 54 275.44 21.6 5.87 3.28 60 0.22 15 282 140 427
32X-1, 47 281.07 9.8 3.69 278 2.5] 0.21 12
32X-1, 80 281.40 45.2 6.25 0.83 65 0.08 10 310 460 409
33X-1, 40 291.30 9.8 362 271 2.44 50 0.21 12 218 423
33X-1, 120 292.10 27.9 4.80 1.45 45 0.20 73 185 348 421
33X-2, 40 292.80 4.93 0.24
33X-2, 109 293.49 32.8 515 1.21 45 0.10 12 192 402 423
33X-3, 43 294.33 22.4 490 285 221 60 0.24 9 296 418
3BX3,77 294.67 11.5 3.12 1.74 40 0.16 11 152 195 431
33X-3, 135 295.35 6.0 295 2.23 70 378 427
33X-4, 43 295.83 20.0 449  2.61 2.09 0.27 8
33X-4, 50 295.90 239 4.49 1.62 45 0.17 10 178 246 431

Note: CaCOj; = carbonate content; Cy, = total carbon; Cm.g- = total organic carbon as weight percent of the
carbonate-free sample; Cy = total organic carbon as weight percent of the whole sample; MOM = the
amount of marine organic carbon in percent of the total organic carbon; Ny, = total nitrogen; C/N =
organic carbon/total nitrogen ratios; HI = hydrogen index; Ol = oxygen index; and T, = temperature of
maximum pyrolysis yield. (MOM = rough estimates based on the correlation between hydrogen indexes
and the maceral composition shown for DSDP sediments in Stein et al., 1986.)
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Figure 5. Total organic carbon contents at Sites 657 and 659. The record of Site 657 is based on
shipboard data, and that of Site 659 on the data in Table 2.
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Table 2. Summary of data from Site 659. Table 2 (continued).
Core, section, Depth Core, section, Depth
interval (cm) (mbsf)  Cipy  Corg Corg CaCO; Ny CN interval (cm) (mbsf)  Cir Corg Corg CaCO; Ny CN
108-659A- 24X-2, 22 21852 571 0.4 007 470  0.03 2
25X-1, 40 22670 464 009 006 382  0.02 3
1H-1, 40 0.40 7.87 055 020 639  0.04 6 25X-2, 40 22820 555 0.6 009 455  0.04 2
1H-2, 40 1.90 747
1H-3, 40 340 928 069 017 760  0.03 6
2H-1, 40 820 598 061 032 472  0.05 7 18608
2H-2, 40 9.70 769 101 040  60.8  0.05 8 4H-4, 4 30.14  7.08 036 0.15 577 0.02 7
2H-4, 40 1270 6.69 4H-5, 40 3200 1019 0.0 0.02 848
2H-5, 40 1420 650 0.66 032 515 0.04 7 4H-6, 40 33.50 6.44 034 0.6 523 0.03 6
3H-3, 40 20,70 9.79 5H-5, 40 35.00  8.34
3H-4, 40 2220 531 053 031 417 0.04 8 SH-6. 40 36,50 933 040 009 770 003 4
3H-5, 40 2370 9.73 6H-1, 40 4500 896 077 021 729  0.02 9
3H-6, 40 2520 531 6H-3, 40 4800 7.55 055 021 61.1 0.03 8
4H-1, 40 2720 710 0.61 026  57.0  0.03 8 6H-4. 40 4950 6.11 054 028 486  0.03 9
4H-2, 40 2870 1024 097 015 8.1  0.02 8 6H-5. 40 51.00  10.21
4H-4, 40 3L70 981 6H-6, 40 5250  9.70  0.50 0.10 80.0  0.01 7
SH-1, 40 3670  4.96 12H-1, 66 98.26 871 040 0.1 716  0.02 7
5H-2, 40 3820 578 12H-2, 66 99.76  9.55 0.51 0.1 787  0.02 6
5H-4, 40 4120  7.08 072 031 564  0.03 9 12H-3, 66 101.26 840 039 0.2  69.0  0.02 6
SH-5, 40 4270 999 110 020 816  0.03 8 12H-4, 66 102.76  6.19 0.19 0.09 508 0.1 6
SH-6, 40 4420 665 034 016 541 0.02 7 12H-5. 66 10426  9.43
7H-1, 40 5570 8.5 046 015 666  0.03 3 12H-6, 66 10576 695 037 0.6 566  0.02 7
7H-3, 40 5870 918 056 0.4 754 0.02 6 13H-1, 40 107.50 557 072 041 430 003 12
7H-4, 40 60.15  9.03 13H-2, 40 109.00  10.35
7H-5, 40 61.65  9.22 13H-3, 41 110.51  6.29
7H-6, 40 63.15 735 19H-1, 40 164.50 627 0.8 0.09 515 00! 6
7H-7, 25 64.50 816 052 017 666  0.02 9 19H-2, 38 16598  7.89 022 0.08  65.1 0.02 4
8H-1, 63 6546 976 061 0.12 803  0.02 6 19H-3, 38 167.48  9.10 036 009 751  0.02 5
8H-2, 12 6642  7.73 19H-4, 38 168.98  9.94
8H-3, 12 67.92 1026 135 022 8.7 002 10 19H-5, 38 17048  7.94 030 0.10 653  0.03 3
8H-4, 12 69.42 948 064 0.4 778  0.03 5 19H-6. 38 17198 7.08
8H-6, 12 7242 1035 134 021 845  0.03 7 20H-1, 37 173.97 8.66 026 007 7.6  0.02 4
9H-1, 40 74.80 10.13 0.88 0.15 832  0.02 7 20H-2. 37 175.47  6.64
9H-2, 40 76.20 1035 20H-3, 37 176.97 737 0.9 0.07  60.8
9H-3, 40 77.70 781 20H-4, 37 17847 395 0.2 008 322  0.02 4
9H-4, 40 79.20  9.51
9H-6, 40 8220  10.30
10H-1, 40 8420 1026 084 0.3 844 002 6 108-69C:
10H-2, 40 §.70 990 067 012 815 002 7 1H-2, 62 212 751 052 020 609 002 10
10H-3, 40 87.20  10.32 1H-3, 62 362 594 028 0.4 483 003 6
10H-3, 85 87.65 ~ 9.00 064 0.17 736 002 7 1H-4, 62 502 556 041 023 444 002 10
10H-3, 120 88.00 964 119 026 72 002 N 1H-5, 62 6.62 657 048 023 529 002 12
10H-3, 130 88.10  8.15 1H-6, 62 812 757 087 035 602 002 15
10H-4, 40 8870 954 086 019 779 002 N 1H-7, 23 923 880 073 021 7.6 002 9
10H-5, 40 9020 10.41 2H-1, 40 990 639 037 0.8 S1.8 002 9
11H-2, 40 9520 871 056 0.6 712 0.02 7 SH.2 40 11.40 724 070 029 579 002 14
11H-4, 40 9820 871 061 018 7.1  0.03 6 3H-3. 40 1290 940 064 015 771 002 9
11H-5, 40 99.70 964 060 012 793 001 9 2H-4, 40 1440 694 086 039 546 003 14
11H-6, 40 101.20  10.00 2H-5, 40 1590 822 051 017 671 002 9
12H-1, 40 103.20 10.01 055 0.0 826  0.01 8 SH-6. 40 17.40 956 08 018 782 002 10
13H-3, 40 11570 927 052 0.2 762  0.03 5 SH-1. 40 100.40 1038 062 009 88 00 9
13H-5, 40 11870 10.52 092 0.2 8.7 0.0 9 SH-2, 40 101.90 880 035 010 725 001 9
13H-6, 37 120.17  7.30 045 0.18 593  0.02 8 SH-3. 40 103.40 7.00 035 015 S0 002 9
13H-7, 17 121.47 790 029 0.0 650  0.03 3 SH.4. 40 10490 928 042 010 165 0.0l 8
14H-1, 40 12220 1040 077 0.1 858  0.02 6 SH-4. 94 105.44 424 020 019 337 002 10
14H-2, 40 123.70  8.62 5H-5, 40 106.40 442 021 0.4 357  0.02 7
14H-3, 32 12512 930 044 0.0 766  0.02 f SH.6 40 107.90 943 045 010 178  0.0] 8
14H-4, 40 12670 10.70 094 0.1 883  0.02 6 H-1. 40 10990 832 032 010 685 00l 8
14H-5, 40 12820 982 041 008 812 001 14 6H-2. 40 11140 858 030 009 708 00l 8
14H-6, 40 12970 9.72 6H-3, 40 11290 983 064 012 809 001 11
15H-2, 40 13320 1056 096 0.13  §7.0 6H-4, 40 11440 613 034 017 497 002 11
15H-4, 40 136.20  10.57 6H-5, 40 11590 1035 090 0.3 851 001 10
16H-2, 40 142.70  9.61 6H-6, 40 117.40 652 024 011 534 0.0l 8
16H-5, 40 14720 9.00 042 011 741  0.02 5 TH-2. 44 178.94 557 018 010 456  0.02 5
17H-3, 45 153.75 1013 112 0.9 828  0.02 12 7H3. 40 180.40 709 019 008 S84  0.03 2
17H-4, 41 15521 1073 1.05 0.2 884  0.02 6 TH-4. 40 18190 590 015 008 485  0.02 5
19H-2, 40 171.13 0.57 5 7H-5, 40 183.40  7.57 023 0.09 624  0.02 6
20H-3, 43 182.16 739 0.9 007 610 0.2 4 7H-6. 40 18490 687 023 010  S64  0.02 6
20H-5, 44 185.11 552 0.3 007 454  0.03 3 8H-1. 40 186.90 209 009 007 168 0.2 5
20H-6, 41 186.54  7.42 0.8 007 613  0.03 3 SH-2 40 188.40 780 017 006 645 0.0 6
20H-7, 39 188.02 597 0.4 007 492  0.03 2 8H-3. 40 189.90 596 075 040 463 002 25
22X-2, 40 199.70 541 0.8 0.10 443  0.04 3 8H-4. 40 191.40 783 019 007 647 0.0 5
22X-3, 40 201.20 052 0.3 0.13 33 007 2 3H.5. 40 19290 795 020 007 657 0.0l 5
22X-5, 20 204.00 447  0.14  0.09 36.5 0.04 2 SH-S‘ 40 194.40 722 0.15 0.06 59,7 0.02 4
23X-3, 20 21050 682 0.14 006 563  0.02 3 : i
23X-4, 20 21200 121 009 0.08 9.4  0.04 2 Note: Cy,y = total carbon; Copy = total organic carbon as weight percent of the
23X-5, 20 213.50 512 017 0.10 41.8 0.05 2 carbonate-free sample; C,, = total organic carbon as weight percent of the whole
23X-6, 20 215.00 579 019 0.10 47.4 0.02 5 sample; CaCO; = carbonate content; N, = total nitrogen as weight percent of
24X-1, 45 21725 5.8 0.5 0.09 425  0.04 2 the whole sample; and C/N = organic carbon/total nitrogen ratios.
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Figure 6. Accumulation rates of total organic carbon at Sites 658 and

659. The record of Site 658 is based on the detailed sedimentation rate
data from Sarnthein and Tiedemann (this vol.).

Organic Carbon/Nitrogen Ratios

Different groups of organisms produce organic matter with
different carbon and nitrogen contents. The mean organic
carbon/nitrogen (C/N) ratio of marine zooplanktons and phy-
toplanktons is about 6, whereas higher land plants are char-
acterized by C/N ratios of more than 15 (Bordowskiy, 1963a,
1965b; Scheffer and Schachtschabel, 1984). Thus, C/N ratios
of deep-sea sediments may give some information about the
composition of organic matter preserved in these sediments.

At Site 658, C/N ratios vary between 5 and 30, with most
values between 6 and 15 (Figs. 8 and 9 and Table 1). Slightly
lower values were found in sediments representing the upper-
most 0.7 Ma (Fig. 8), suggesting some higher amounts of
marine organic carbon in these sediments. Thus, the C/N
ratios also indicate that a mixed marine/terrigenous type of
organic matter (C/N ratios around 10) is dominant in Site 658
sediments. However, samples with a higher marine portion
(C/N ratios around 5) and samples with a higher terrigenous
portion (C/N ratios >>15) are common.

At Site 659, most of the C/N ratios vary between 2 and 10
(Fig. 9), which may suggest high amounts of marine organic

MARINE AND TERRIGENOUS ORGANIC CARBON

Table 3. Results from Rock-Eval pyrolysis and CHN analyses from
sediments (mainly turbiditic sequences and slump interval) at Site
657.

Core, section, Depth
interval (cm)  (mbsf) Cgz HI  Tpgy Ny C©N - Remarks
108-657A-
1H-4, 109 559 132 0.12 11 Turbidite
2H-3, 25 10.37  0.73 0.05 15
2H-3, 121 11.33 141 164 413
2H-4, 17 1.79 175 0.13 13
2H-4, 25 11.87  1.93 0.16 12
2H-4, 121 12.80 1.47 315 408
2H-5, 115 14.21 174 297 411
2H-6, 40 14.95 224 324 412 + Slump
2H-7, 23 17.03  1.95 0.18 11
3H-1, 121 17.89 098 281 411
3H-2, 25 18.43 249 0.19 13
3H-3, 121 20.83 1.87 261 413
3H-5, 121 23.77 051 216 411
3H-6, 25 2431 0.65 0.06 11 |
4H-4, 120 31.84 045 124 382 Pelagic
8H-1, 120 65.40  0.54 96 390 Pelagic
10H-4, 143 89.13  3.31 0.25 13 Turbidite

Note: C,,, = total organic carbon as weight percent of the whole sample; HI
= hydrogen index values (in mgHC/gC); Ty, = temperatures of
maximum pyrolysis yield (°C); Ny = total nitrogen; and C/N = organic
carbon/total nitrogen ratios.

Table 4. Results from Rock-Eval pyrolysis of sediment
samples from Site 659.

Total

Core, section, Depth  organic

interval (cm) {mbsf)  carbon HI T

120-659A-
5H-3, 23 39.53 0.23 52 404
5H-3, 27 39.57 0.38 63 399
5H-3, 32 39.62 0.4 66 395
14H-3, 40 125.2 0.14 71 —
14H-3, 47 125.27 1.2 121 422
23H-5, 85 214.35 0.06 83 —
23H-5, 99 214.49 0.11 120 —_

Note: HI = hydrogen index values (mgHC/gC) and T, =
temperatures of maximum pyrolysis yield (°C).

material (see above). However, the C/N data of these
organic-carbon-lean sediments of Site 659 have to be inter-
preted with extreme caution. For example, in organic-
carbon-lean sediments, the amount of inorganic nitrogen
(fixed as ammonium ions in the interlayers of clay minerals)
may become a major portion of the total nitrogen (e.g..
Stevenson and Cheng, 1972; Miiller, 1977), causing (too) low
C/N ratios. This can explain the very low C/N ratios of about
2 in the late Miocene interval of Site 659, which coincide
with extremely low TOC values around 0.07% (Table 2 and
Fig. 5). Hence, these C/N data should not be interpreted as
an indicator of the quality of the organic matter.

Kerogen Microscopy

Kerogen microscopy analyses were performed on a se-
lected set of 18 samples from Site 658, covering the entire
depth range at that site (Fig. 10 and Table 5). No detailed
maceral analyses were performed on material from Sites 657
and 659 because of the low TOC contents, but kerogen
microscopy of two samples from Site 659 indicates that
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Figure 7. Results of Rock-Eval pyrolysis displayed as hydrogen index vs. oxygen index diagram (Espitalié et
al., 1977). Black squares are data from Site 658. Open squares are from pelagic sediments of Site 657, open

circles are from the slump interval of Site 657.

terrigenous organic matter predominates over marine organic
matter.

The main macerals in the organic matter fractions of these
samples from Site 658 are alginite, liptodetrinite, inertinite,
and vitrinite (Fig. 10 and Table 5). Sporinite, common in
near-shore sediments from other locations in the Atlantic
(Cornford et al., 1979; Rullkétter et al., 1980, 1984; Stein et
al., 1989), was not observed in Site 658 sediments, with one
exception: in Sample 108-658A-14H-7, 34 cm, minor amounts
of 2% sporinite occur (Table 5).

The amounts of the main marine maceral alginite vary
between 12% and 60% of the total macerals. Liptodetrinites
(liptinites too small to be classified into a specific liptinite
group) range between 11% and 46%. Because alginite is the
only liptinite identified in major amounts (i.e., terrigenous
liptinites such as sporinites are virtually absent), we suggest
that the liptodetrinites mainly represent marine organic mate-
rial. Thus, the total amount of marine organic matter (alginite
plus liptodetrinite) ranges between 30% and 80% (Fig. 10 and
Table 5), which corroborates Rock-Eval and C/N results
(Table 1). Atomic H/C ratios of 1.0-1.5 suggest the dominance
of marine organic matter (Table 6; cf. Tissot and Welte, 1984).

The terrigenous macerals are dominated by inertinites;
vitrinites are of secondary importance (Fig. 10). Inertinites
occur in abundances between 15% and 45%, and vitrinites
vary between 0% and 18% (Table 5). Only the two lowermost
samples (120-658A-30X-1, 44 cm, and 120-658A-33X-2, 109
cm), which also have a larger amount of total terrigenous
components (60%), show a somewhat higher content of vit-
rinite (40% and 27%, respectively; Table 5). The dominance of
inertinites may point toward a stronger degradation (oxida-
tion) of the terrigenous plant fragments during transport (cf.
Stein et al., 1989). However, input of reworked kerogen
particles of older more mature strata can also explain the
higher inertinite values (see below).
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Extractable Lipids

A gas chromatogram (GC) of the *‘total lipid’’ fraction of
Sample 658A-21-6, 7-14 cm, is shown in the upper half of
Figure 11, while a GC of the aliphatic hydrocarbon fraction of
the same sample is shown in the lower half. Long straight-
chain alkanes of terrigenous origin (C,~Cy;) are the most
abundant compounds in the aliphatic fraction, but they have
minor importance in the total lipid fraction. Marine-derived
long-chain unsaturated ketones and steroids are always the
most important classes of compounds in the total lipid fraction
of samples from Site 658 (for details of compound identifica-
tion, see ten Haven et al., this vol.), but they have minor
importance in the total lipid extracts from Sites 657 and 659
samples (not shown here). This testifies to the marine charac-
ter of the organic matter at Site 658.

Although estimates of the different sources of input (e.g.,
marine vs. terrigenous) can only be made on a semiquantita-
tive level with the aid of biomarkers, it is clear from the GCs
shown in Figure 11 that inspection of the aliphatic fraction
alone would lead to an overestimate of terrigenous input. This
is especially true for samples in which the early diagenetic
conversion of steroids (from sterols via sterenes to steranes) is
still not in an advanced stage. In the sample investigated here,
sterols are still very abundant while sterenes (minor peaks
eluting between n-Cyg and n-C;; Fig. 11) are only present in
subordinate amounts in the aliphatic hydrocarbon fraction.

Maturity of the Organic Matter

The low temperatures of maximum pyrolysis yield (T ),
which vary from 400°C to 430°C (Fig. 12, and Tables 1, 3, and
4), indicate the low maturity of the organic matter at Sites 657,
658, and 659. The few vitrinite reflectance values determined
in samples from Site 658 (92, 221, 225, and 293 mbsf) are very
low (0.23%—0.27%; Fig. 12 and Table 5) and support the
immaturity. The low abundance of sterenes/steranes in the
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hydrocarbon fraction and the high abundance of free extract-
able sterols also suggest that major diagenetic alterations of
the organic matter have not yet occurred (see ten Haven et al.,
this vol.).

A second maximum in vitrinite reflectance (values around
0‘.51%; Fig. 12) may imply the presence of redeposited mate-
ri

DISCUSSION

Our detailed study of organofacies types and accumulation
rates of marine and terrigenous organic matter give important
information about the evolution of both the paleoclimate in
northwest Africa and the paleoceanography in the northeast
Atlantic during late Neogene and Quaternary times. In addi-

tion, evidence for sediment redeposition processes is available
from the organic carbon data.

Terrigenous Organic Carbon: Implications for
Paleoclimate in Northwest Africa

In general, the accumulation of organic carbon is mainly a
function of rate of supply and/or rate of preservation. Since
that part of the terrigenous organic matter that has survived
long-distance transport to the sea is resistant to oxic decom-
position (Tissot et al., 1979; Waples, 1983), changes in accu-
mulation rates of terrigenous organic matter mainly reflect
changes in the rates of supply rather than changes in preser-
vation. Thus, these accumulation rates can be interpreted as
an indicator of paleoclimate on the surrounding continent.
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Table 5. Composition of macerals and vitrinite reflectance values from sediments of Site 658.

Total Marine

Core, section, Depth  organic organic

interval (cm) (mbsf)  carbon  Vitrinite Inertinite  Sporinite  Liptodetrinite  Alginite = matter Ro Macerals/pyrite

108-658A-
3H-1, 120 16.4 1.23 0 45 0 41 15 55 0.20
6H-1, 84 44.5 1.61 4 39 0 46 12 58 0.25
7H-2, 120 559 0.53 14 40 0 17 29 46 0.03
11H-1, 120 91.7 4 15 1] 37 44 81 0.25 0.62
11H-3, 102 94.7 2.87 3 42 0 14 42 55 0.18
12H-2, 118 103.0 2.18 0 36 0 40 24 64 0.05
14H-7, 34 127.3 2.34 L) 20 2 35 40 76 0.51
16H-4, 120 144.1 2.44 5 15 0 44 35 80 0.40
22X-2, 71 188.3 2.81 18 28 0 27 27 54 0.24
24X-1, 14 205.5 1.65 7 42 0 17 35 52 0.23
25X-5, 65 221.3 1.75 12 25 0 17 47 63 0.23 0.30
26X-2, 30 225.7 1.31 15 41 0 26 18 44 0.27 0.53
26X-4, 86 228.5 1.75 4 21 0 16 60 75 0.58
27X-4, 41 238.7 2.66 16 53 0 11 21 32 0.79
27X-5, 18 240.0 3.03 12 59 \] 11 18 29 0.94
29X-8, 38 262.3 2.68 22 33 0 12 33 45 0.35
30X-1, 44 262.8 2.45 40 20 0 20 20 40 0.38
33X-2, 109 293.5 1.21 27 33 0 25 14 40 0.25 0.17

Note: The amounts of vitrinite, inertinite, sporinite, liptodetrinite, and alginite are shown in percentages of the total macerals. The percentages
of marine organic matter are the amounts of alginite plus liptodetrinite. Vitrinite reflectance values (Ro) in %.

Table 6. Results from CHN analyses performed on
kerogen concentrates from Site 658 sediments.

Organic

Core, section, Nitrogen carbon  Hydrogen

interval (cm) (wt%) (wt%) (wWt%) H/C

108-658A-
1H-2, 40 6.12 51.56 4.11 0.96
3H-4, 40 3.45 44.89 5.47 1.44
3H-5, 40 2.04 27.59 3.33 1.44
4H-6, 40 3.39 48.94 5.76 1.41
5H-4, 40 1.62 21.95 17 1.68
6H-1, 59 3.14 45.83 5.64 1.44
8H-3, 40 4.37 56.08 547 1.17
10H-4, 40 2.31 39.23 4.84 1.44
13H-4, 40 2.84 54.65 5.10 1.12
15H-4, 44 2.81 46.61 5.6 1.44
16H-6, 40 23 39.76 4.8 1.44
16H-7, 40 3.5 54.07 6.52 1.45
17H-2, 40 2.66 51.90 5.65 1.31
17H-3, 40 5.23 58.55 6.59 1.35
20H-1, 40 2.58 39.42 4.87 1.44
21H-1, 40 2.98 51.43 4.25 0.99
21H-2, 37 2.68 46.08 5.74 1.44
23H-5, 40 2.74 47.69 5.54 1.44
24H-3, 40 31 55.91 6.48 1.39
25H-6, 16 2.28 41.03 4.53 1.32
26H-3, 76 2.73 53.33 6.14 1.38
29H-5, 40 1.81 32.92 3.9 1.44
30H-4, 40 1.78 30.72 4.16 1.68
30H-6, 87 323 50.01 6.21 1.49
31H-2, 40 2.39 38.41 4.23 1.32
31H-3, 40 2.56 46.68 5.52 1.42

Note: The H/C ratio is expressed as atomic hydrogen/carbon
ratio.

High accumulation rates may imply intense fluvial runoff and
dense vegetation cover in the source area due to humid
climatic conditions. On the other hand, during times of arid
climatic conditions (such as those typical for northwest Africa
today), reduced vegetation cover and the lack of river dis-
charge result in decreased accumulation rates of terrigenous
organic matter.
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Because these changes in paleoclimate are also indicated
by changes in the accumulation rates of the siliciclastic
fraction (mainly quartz, clay minerals, and feldspars; cf.
Stein, 1985; Tiedemann et al., this vol.), accumulation rates of
the organic and inorganic terrigenous fractions are compared
in Figure 13 (for pollen data necessary for more quantitative
estimates of paleoclimate, see Beug et al., this vol.).

According to the record of the terrigenous sediment frac-
tions at Site 658, the evolution of climate in northwest Africa
during approximately the last 3.7 Ma can be described as
follows:

1. Prior to about 3.1 Ma, high accumulation rates of
organic matter and quartz and nonquartz siliciclastics were
recorded (Fig. 13). The supply of terrigenous organic matter
reaches maximum values of up to 0.3 gC - cm™2 - 1000 yr~!
between 3.5 and 3.1 Ma. This is interpreted as humid climatic
conditions dominating in northwest Africa during that time
interval, which resulted in increased fluvial supply of organic
matter and fine-grained siliciclastics (cf. Sarnthein et al., 1982;
Stein, 1985; Tiedemann et al., this vol.). The climatic situation
must have been similar to that suggested for interglacials
during the Quaternary (Fig. 14A).

2. The interval between 3.1 and 2.45 Ma is characterized
by long-term changes in both the organic and inorganic
terrigenous sediment supply. The most drastic changes occur
at the beginning of this interval, starting with the distinct
decrease in organic matter supply at 3.1 Ma and followed by
distinct decreases in the supply of quartz at 3 Ma and of
nonquartz siliciclastics at 2.8 Ma (Fig. 13; cf. Tiedemann et
al., this vol.). The accumulation rates of terrigenous organic
matter may reach values as low as 0.04 gC - cm™2 - 1000 yr~'.
This interval of major decrease in accumulation rates is
interpreted as a transition from dominantly humid to more arid
climatic conditions (cf. Sarnthein et al., 1982; Stein, 1985).
For a more detailed interpretation of the major nonsynchro-
nous changes of accumulation rates of organic and siliciclastic
fractions, further information about the composition of the
nonquartz siliciclastic fraction (clay minerals, feldspars, etc.)
is needed.

3. Between 2.45 and 1.6 Ma, low accumulation rates of
terrigenous organic matter and nonquartz (clayey) siliciclas-
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tics indicate reduced fluvial input due to a more arid climate in
northwest Africa. On the other hand, increased accumulation
rates of quartz were recorded in carbonate-poor (glacial)
intervals. This may suggest increased eolian input during
glacial times because of increase in aridity (Fig. 14B; cf. Stein,
1985; Tiedemann et al., this vol.). Our interpretation of an
increased fluvial supply of quartz between 3 and 3.4 Ma and an
increased eolian input that caused the quartz maxima during
the younger upper Pliocene/Pleistocene time interval could be
verified by grain-size and (possibly) grain-shape analyses of
the quartz fractions (Sarnthein and Koopmann, 1980; Maz-
zullo et al., 1985; Stein, 1985; Tiedemann et al., this vol.).

4. The last 0.7 Ma are characterized by a distinct increase
in amplitude of variations between low and high accumulation
rates of quartz, nonquartz siliciclastics, and terrigenous or-
ganic matter (Fig. 13). This is interpreted as a result of distinct
cyclic changes in paleoclimate between arid and humid con-
ditions in northwest Africa. During glacial times, an arid
climate was dominant, which caused a reduced fluvial input
(i.e., decreased accumulation rates of clay and terrigenous
organic matter) and an increased eolian quartz input (Fig.
14B). On the other hand, a more humid climate prevailed
during interglacial times, resulting in low accumulation rates
of (eolian) quartz and higher rates of supply of (fluvial) clays
and terrigenous organic matter (Fig. 14A; cf. Sarnthein and

Koopmann, 1980; Sarnthein et al., 1982; Stein, 1985; Tiede-
mann et al., this vol).

Marine Organic Carbon: Implications for
Paleoproductivity off Northwest Africa

The accumulation rates of marine organic matter are
mainly controlled by the rate of supply (i.e., surface-water
productivity) and/or the rate of preservation (Miiller and
Suess, 1979; Demaison and Moore, 1980; Arthur et al., 1984;
Tissot and Welte, 1984). A fully oxygen-deficient environment
such as that found in the modern Black Sea and that is
characterized as well by a high preservation rate of organic
matter (Deuser, 1971; Degens and Ross, 1974) is very unlikely
for the northwest African continental margin because biotur-
bation is common throughout the entire (organic-carbon-rich)
sediment sequence at Site 658 (Ruddiman, Sarnthein, et al.,
1988). Thus, changes in the accumulation of marine organic
carbon at Site 658 are interpreted as a signal mainly of changes
in surface-water productivity in the upwelling area off north-
west Africa.

High oceanic fertility that causes high productivity off
northwest Africa may result from fluvial nutrient supply
and/or coastal upwelling of nutrient-rich waters (Fig. 14;
Sarnthein et al., 1982; Diester-Haass, 1983; Stein, 1985).
Because a high fluvial nutrient supply coincides with an
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increased supply of terrigenous organic matter during the
(humid) interglacials and increased upwelling occurs during
the (arid) glacials (i.e., during times of reduced fluvial input),
a comparison of the accumulation rates of marine and terrig-
enous organic matter may help to distinguish between dif-
ferent mechanisms causing the high productivity (cf. Stein et
al., 1986; ten Haven et al., 1987).

In oxic environments, paleoproductivity can be roughly
estimated from the accumulation rates of (marine) organic
carbon and from a comparison of the (marine) organic carbon
content and the sedimentation rate (Figs. 13 and 15; Miiller
and Suess, 1979; Stein, 1986). From these data, low produc-
tivity is typical for open-ocean, nonupwelling Sites 657 and
659. Productivity at these two sites was probably slightly
higher during Pliocene-Pleistocene time than during late Mi-
ocene time (Fig. 15). On the other hand, at Site 658, which is
located inside the upwelling area off northwest Africa, dis-
tinctly higher oceanic productivity is obvious. Accumulation
rates of marine organic carbon may reach values as high as 0.2
gC - cm~2- 1000 yr~! (Fig. 13). It seems that these maximum
values occur during the humid interglacial as well as during
the arid glacial stages. In the organic carbon/sedimentation
rate plot (Fig. 15), data from Site 658 fall into ‘*high-produc-
tivity field”” A’. The influence of high productivity is also
indicated by increased amounts of biogenic opal recorded in
the sediments of Site 658 (Ruddiman, Sarnthein, et al., 1988;
Mienert et al., 1988).

For more quantitative estimates of changes in paleoproduc-
tivity, equations are available to calculate surface-water pro-
ductivity from sediment data (Miiller and Suess, 1979; Stein,
1986; Sarnthein et al., 1987). In Table 7, mean values of
paleoproductivity for different time intervals are summarized
for Sites 658 and 659.

At Site 659, paleoproductivity values vary between 20 and
50 gC - m™2 - yr~! (Table 7). These values are typical for
open-marine environments (Romankevich, 1984). At up-
welling Site 658, the values vary between 160 and 320 gC - m™2
+ yr~! (Table 7), reflecting the position of Site 658 inside a
high-productivity area. These paleoproductivity values esti-
mated from the organic carbon data at Site 658 are similar to
those measured in the upwelling area off northwest Africa
today (150 to >325 gC - m~? - yr~!; Schemainda et al., 1975).

In general, productivity estimated for glacial intervals is
very similar to (slightly higher than) that estimated for inter-
glacial intervals. This may imply that a higher fluvial nutrient
supply during humid interglacials and a higher nutrient supply
from intensified upwelling during arid glacials may have had
similar effects on surface-water productivity off northwest
Africa (Fig. 14; Diester-Haass, 1983; Stein, 1985).

High productivity values were also estimated for the
intervals of carbonate minima between 3.5 and 3.1 Ma
(Table 6). During this time, accumulation rates of both
marine and terrigenous organic matter reached their maxi-
mum values (Fig. 13). The carbonate minima of this interval
are interpreted as times of slightly lowered sea-level and
semiarid climates in northwest Africa (cf. Stein, 1985).
During this time, terrigenous organic matter as well as
nutrients could be transported close to the shelf edge. These
fluvial nutrients, together with nutrients supplied by up-
welled waters, may have resulted in increased productivity
in surface waters near the shelf edge/upper slope area (i.e.,
closer to the location of Site 658).

For determining more exactly the relationships between
paleoclimate in northwest Africa and paleoproductivity in the
eastern subtropical Atlantic (i.e., especially the leads and lags
of the different signals), a high-resolution study on sediments
of Site 658, including stable isotope and pollen data, should be
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Table 7. Estimates of paleoproductivity for different time intervals.

Wet-bulk Mean  Total  Marine i‘:l]:gsi':;
Depth density Porosity  sed. rate  organic  organic @~
(mbsf) Age (Ma) (%) (%) (%) content  content I Il
Site 658:
0-100 0-0.7 1.65 68 14.7 a: 1.61 1.05 190 150
b: 1.26 0.82 160 130
100-174 1.6-1.45 1.60 62 7.2 a: 2.13 1.38 240 210
b: 1.81 1.18 220 190
174-240  2.45-3.1 1.60 62 10.8 a: 1.9 1.29 240 200
b: 1.67 1.09 210 170
240-295 3.1-3.6 1.73 56 10.8 a: 2.54 1.65 320 260
b: 1.49 0.97 220 180
Site 659:
0-50 0-1.6 1.51 68 3 0.22 0.15 40 50
50-135 1.5-4.5 1.6 64 3 0.15 0.1 30 40
135-230 4.5-8.5 1.74 56 0.3 0.07 0.05 20 30

Note: For the time interval from 0 to 2.45 Ma, a (from intervals with minimum carbonate content)
is interpreted as glacial, and b (from intervals with maximum carbonate content), as interglacial
stages. | = Paleoproductivity values calculated according to Stein (1986a); for comparison,
productivity values (II) calculated according to Sarnthein et al. (1987) are shown. Wet-bulk
density, porosity, mean sedimentation rates, and water depths (Site 658: 2260 m; Site 659: 3070
m) required for calculation of paleoproductivity are from Ruddiman, Sarnthein, et al. (1988).
The amount of marine organic carbon is shown as a percent of the whole sample. For further
explanations, see *‘Methods'" section, this chapter.

added to this more general study, which has concentrated on
the long-term changes.

Organic-Carbon-Rich Sediments at Site 657:
Implications for Turbidites and Slumping at the
Northwest African Margin

At Site 657, normal pelagic sedimentation is often interrupted by
events of turbidite flows and slumping processes (Faugeres et al.,
this vol.). A few of these events are also documented in the
sediment samples investigated for organic carbon content. In gen-
eral, organic carbon contents for the sediments at Site 657 are very
low, as is typical for open-marine environments. The samples from
the turbidites and the slump, however, have very high TOC values
of 1%-3% (Fig. 5). Such phenomena are also reported for adjacent
deep-sea basins in the eastern subtropical Atlantic (e.g., Weaver
and Kuijpers, 1983; Colley et al., 1984).

The quality of the organic matter in these redeposited sediments
is very similar to that found in the organic-carbon-rich sediments at
Site 658, as indicated by Rock-Eval and organic carbon/nitrogen
data (Fig. 7 and Table 3). Thus, the source area of both these
turbidites and the slump is very likely to be the upwelling-influ-
enced, high-productivity area of the upper slope (Fig. 14). Because
the organic matter in turbidites and slumps has been rapidly buried
after redeposition in the deep sea, the residence time in zones of
bioturbation and oxic decomposition is short. In this way, higher
amounts of (marine) organic matter can also be preserved in an
oxygen-rich, open-marine environment (cf. Jones, 1983; Arthur et
al., 1984). In the upper parts of such (turbiditic) layers, the organic
matter can be remineralized by post-depositional oxidation fronts
(cf. Colley et al., 1984), which should be recognizable in a detailed
investigation of the turbidite sequences.

CONCLUSIONS

The results of our detailed organic geochemical study of sedi-
ments from Sites 657, 658, and 659 can be summarized as follows:

1. The sediments of nonupwelling Sites 657 and 659 display low
organic carbon values of less than 0.5%, values typical for normal
open-marine environments. In four turbiditic and slumping se-
quences at Site 657, high TOC values of 1%-3% have been
recorded.

2. At upwelling Site 658, high TOC values of 0.5%—-4% occur.
Short-term fluctuations in organic carbon with periods between
about 20,000 and 100,000 yr (i.e., ‘*Milankovitch-type™’ cycles) are

typical, suggesting that changes in climate are the mechanisms for
these variations. High hydrogen index values, low C/N ratios, and
high amounts of alginite and liptodetrinite imply that the organic
carbon is a mixture of marine and terrigenous matter (i.e., a
kerogen type II/III), with a dominance of the marine portion.

3. At open-marine nonupwelling Site 659, mean paleoproduc-
tivity varies between 20 and 50 gC - m~2-y~!. At upwelling Site 658,
mean productivity is distinctly higher (160-320 gC - m~2-y~'). The
changes in productivity at Site 658 are controlled by changes in the
nutrient supply from upwelled waters and in the fluvial nutrient
supply.

4. The distinct decrease in accumulation rates of terrigenous
sediment fractions at Site 658 between 3.1 and 2.45 Ma indicates the
change from a dominantly humid climate prior to 3.1 Ma to a
climate of arid/humid (semiarid) cycles typical of the last 2.45 Ma.
During the last 0.7 Ma, the amplitude of these climatic cycles
distinctly increased, indicated by high-amplitude variations of ac-
cumulation rates of organic carbon and siliciclastic sediment frac-
tions.

5. Vitrinite reflectance values of 0.23%-0.27% and low T,
values of 400°C-425°C indicate the immaturity of organic matter at
Site 658.
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(A). Black arrows indicate times of major changes in accumulation rates. Accumulation rates were calculated using the detailed
sedimentation rate data of Sarnthein and Tiedemann (this vol.).
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Figure 14. Depositional model for Pliocene-Pleistocene sediments at the northwest African continental margin. A.
Interglacial stage. B. Glacial stage. TOM (MOM) = terrigenous (marine) organic matter; ./ = northeast trades (increased
during glacials, reduced during interglacials); o = upwelling (intensified during glacials, reduced during interglacials); «
= fluvial input of clay fraction and nutrients (ceased during glacials because of arid climate, increased during interglacials
because of humid climate); %% % = area of high oceanic productivity. (For relationships between climate in northwest
Africa, trade wind intensity, and upwelling intensity, see Sarnthein et al., 1981, 1982; Stein, 1985).
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Figure 15. Correlation between (marine) organic carbon values and sedimenta-
tion rates. The distinction between fields A, A’, and B is based on data from
Holocene to Miocene sediments (Miiller and Suess, 1979; Stein, 1986b). Field A
marks positive correlation between organic carbon content and sedimentation
rates under oxic deep-water conditions. Field A’ indicates conditions of high
oceanic productivity, characterized by high organic carbon contents and high
sedimentation rates. In general, increased sedimentation rates coincide with
increased productivity. Field B indicates data derived from samples deposited
under anoxic deep-water conditions. Further details in Stein (1986b). Site 657:
(1) Pliocene-Pleistocene (0-4.5 Ma); (2) latest Miocene (6-7 Ma); and (3) late
Miocene (7-8.5 Ma). Site 658: (1) Pleistocene (0-0.7 Ma); (2) latest Pliocene
(1.6-2.45 Ma); and (3) late Pliocene (2.45-3.6 Ma). Site 659: (1) Pliocene-
Pleistocene (0—4.5 Ma); (2) late Miocene (4.5-8.5 Ma); and (3) late Miocene
(8.5-10 Ma).
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