30. ORGANIC GEOCHEMISTRY OF CRETACEOUS BLACK SHALES FROM DEEP SEA
DRILLING PROJECT SITE 530, LEG 75, EASTERN SOUTH ATLANTIC!

G. Deroo? and J. P. Herbin, Institut Francais du Pétrole, Direction de Recherche Geologie et Géochimie, B.P. 311,
92506 Rueil-Malmaison Cedex, France

and

A. Y. Huc, Institut de Recherche, Ressources et Materiaux Mineraux, Université d’Orléans, Orléans Cedex, France

ABSTRACT

Five-hundred ten meters of Cretaceous sediments were drilled north of the Walvis escarpment in Hole 530A during
Leg 75. An immature stage of evolution for organic matter can be assigned to all the samples studied.

Black shales are interbedded with red and green claystone in the bottom sedimentary unit, Unit 8, which is of Conia-
cian to late Albian age. The richest organic carbon contents and petroleum potentials occur in the black shales. Detrital
organic matter is present throughout the various members of a sequence, mixed with largely oxidized organic matter in
the gray and green claystone or marlstone members on both sides. Detrital organic matter also characterizes the black
streaks observed in the claystones. Vertical discontinuities in organic matter distribution are assigned to slumping. Sev-
eral types of black shales can be identified, according to their content of detrital organic matter, the more detrital black

levels corresponding to the Albian-Cenomanian period.

Cyclic variations of organic matter observed for a sequence can occur for a set of sequences and even for some con-
secutive sets of sequences. Climatic factors are proposed to account for the cyclic sedimentation and distribution of or-
ganic matter for every sequence that includes a black bed.

INTRODUCTION

Hole 530A (drilled during Leg 75) is located in the
southeastern corner of the Angola Basin about 20 km
north of the Walvis escarpment near the eastern end of
the Walvis Ridge (Fig. 1). One hundred sixty-three me-
ters of black shale facies of Cretaceous age were pene-
trated before basalt was reached. Eight lithological units
were described from the recovered section with Units 5
to 8 corresponding to the Cretaceous series (Fig. 2).

Dark green mudstone and marlstone characterize the
whole of Unit 5 in the Maestrichtian, and sequences of
turbidites are observed. Clastic limestone is found in
Subunit 5a, additional siliciclastic sandstone in Subunit
5b, and calcareous siliciclastic sandstone in Subunit 5c.
Volcanogenic sandstone defines Unit 6, which is of San-
tonian age, and sands occur as thin- to thick-graded tur-
bidites. Variegated red and green claystone, siltstone,
and sandstone occur in numerous repeated turbidite se-
quences in Unit 7, of Santonian to Coniacian age. Black
shales interbedded in red and green claystone character-
ize Unit 8, which is of Coniacian to late Albian age.
Horizontal laminations and low-angle ripple cross-lami-
nations suggest that fine-grained turbidites are interbed-
ded with basinal pelagic sediments.

The sediments in Units 8 through 6 make up a clas-
sic progradational submarine fan sequence, progressing
from basinal (Unit 8) to thick upper-fan channel sand-
stones (Unit 6). A thinning and fining-upward channel-

1 Hay, W. W., Sibuet, J.-C., et al., Init, Repts. DSDP, 75: Washington (U.S. Govt,
Printing Office).
Present address: Institut Frangais du Pétrole, Direction de Geologie et Géochimie,
B.P. 311, 92506 Rueil-Malmaison Cedex, France.

filled sequence follows in Subunit 5c¢ (Stow, this vol-
ume).

Based upon nannoplanktons studied on board, the
top of the Coniacian (in Units 7 and 8) was placed in
Core 78, and the bottom of the Coniacian was placed in
Section 530A-94-1. A hiatus representing the late Turo-
nian is located between 94,CC and 95-2. The lower Tu-
ronian was found in the latter section, and the upper Ce-
nomanian extends to Sections 96-2 and 97-3. An early
Cenomanian to late Albian age was determined for
Cores 98 to 105 at the bottom of the sediment.?

The present study was performed to characterize geo-
chemically the organic matter (OM) present in the Cre-
taceous black shales. Specific questions concerning the
black-shale facies found along Unit 8 are as follows:

1) Did the organic matter in the black-shale beds
originate primarily from material transported by turbid-
ity currents?

2) Are anoxic conditions required for the preserva-
tion of the organic matter found in the fine-grained dis-
tal turbidites?

3) If so, is a high biological oxygen demand at the
water/sediment interface the main control for anoxic
conditions?

3) Finally, what mechanism can be proposed to ex-
plain the cyclic variations in the amount of organic mat-
ter observed throughout the sedimentation of the black-
shale unit?

To address these questions, one must consider both
the organic matter and the enclosing sediments. For this

3 Revisions of stratigraphic ages are given in Steinmetz et al., this volume.
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Figure 1. Location map of Leg 75 and Sites 530, 531, and 532.

purpose three steps were followed during the study, ac-
cording to three different scales. The first scale is a se-
quence some 40-cm thick, centered on an individual
black bed 8-cm thick, with green claystones on both
sides. The second corresponds to a bundle of five con-
secutive black-shale beds with interbedded green clay-
stones beds along an interval 105-cm thick. The third
applies to 35 other black beds or sequences selected
from among a total of 260 black-shale beds detected
within the 163 m of lithologic Unit 8 (Fig. 3).

METHODS

Organic carbon was determined in acid-treated samples with a Le-
co apparatus, except for the closely spaced sampling of Sections 101-1
and 101-2 (Table 1) along which 79 samples were collected over a
40-cm interval. The small size of these samples required a specific ana-
lytical procedure to be used. Organic carbon was analyzed in carbona-
ceous residue issuing from Rock-Eval analysis. The method is based
on combustion in a constant oxygen flow at a temperature programmed
from 250 to 600°C at a linear rate of 25°C/min. The CO, was
measured by a nondispersive infrared detector, Because of the small
size of the samples (about 30 mg), significant LECO analyses could
not be performed so as to compare the two methods.

Since data of 0.20 wt.% and less are questionable as a rule, their
use and meaning are doubtful,

Pyrolysis assays were performed for all 194 samples with a Rock-
Eval (Espitalié et al., 1977). Three intervals were then resampled in the
black-shale bed in Core 101 to collect 5 to 6 g of rock per sample. The
three samples obtained were chloroform extracted. Then the extracts
were fractionated. A quantitative detection for saturated, aromatic,
and heteroatomic NSO fractions was attempted with an Iatroscan
analyzer. It consisted, after fractionation had been performed on thin
and silicagel-coated rods, in passing them along a flame ionization de-
tector. Every fraction requires 10 pg to be analyzed. Hydrocarbon
fractions were examined by gas chromatography. Kerogen concen-
trates (Huc et al., 1978) from three other selected samples were pre-
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pared. Elemental analysis and optical examination in natural light
were performed on these.

RESULTS

This chapter is divided into six major sections. First,
the maturation of organic matter will be examined
throughout the Cretaceous series. The second and third
sections will be devoted to the characterization of or-
ganic matter along a lithological sequence, and the
fourth will examine organic matter for the various se-
quences in Unit 8. The fifth section will examine organic
matter in the other Cretaceous units. Finally, we will at-
tempt to explain the sedimentation and distribution of
organic matter in the black-shale unit.

I. Maturation of Organic Matter

The temperatures reached for maximum hydrocarbon
production (7,,,,) during Rock-Eval pyrolysis depend
both on the stage of maturation and the nature of the
organic matter.

A diagram in which Ty, is plotted against hydrogen
indices (Fig. 4) can be used to estimate the maturation
of samples. Evolution paths for the three reference types
of organic matter (Types I, II, and III) are outlined in
the diagram. When maturation increases, hydrogen in-
dices decrease, whereas the corresponding temperatures
of pyrolysis increase. The variation follows the trend of
the evolution paths. Some isoreflectance curves super-
imposed on the diagram can be used to refer to the
maturation scale compiled from vitrinite reflectance
data. Isoreflectance curve 0.5 defines the boundary be-
tween immature and mature organic matter. It roughly
corresponds to a Ty, in the 430-435°C range for mate-
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Table 1. Sample depth, carbon, and pyrolysis assay data, Core 530A-101.

Depth Hydrocarbon Carbon
below  Mineral Organic Hydrogen Oxygen compounds  dioxide Pyrolysis
Section seafloor carbon  carbon index index (mg/g (mg/g  temperature
(Level in em) {m) (wt.%%) (wt.%) (mg HC/gOC) (mg CO3/g 0C) rock) rock) (°C)
Section 1
136.0 1063.36 1.1 1.11 B9 105 1.00 1.16 424
136.3 1063.36 0.97 95 121 0.94 1.17 425
136.7 1063.36 0.96 85 136 0.81 1.31 423
137.0 1063.37 3.7 0.08 0 1300 0.01 1.04
137.4 1063.37 0.08 56 1275 0.04 1.02 423
138.1 1063.38 0.06 0 1867 0.02 1.12
138.8 1063.38 1.9 0.05 0 1360 0.03 0.68
139.2 1063.39 0.10 0 T0 0.02 0.77
139.8 1063.39 29 0.33 68 421 0.24 1.39 416
140.1 1063.40 2.3 0.05 0 1580 0.02 0.79
140.6 1063.40 0.05 1] 2100 0.01 1.05
140.8 1063.40 0.03 o 2667 0.01 0.80
141.1 1063.41 0.06 0 1050 0.01 0.63
141.5 1063.41 08 1] 550 0.01 0.44
142.2 1063.42 24 0.04 0 950 0.01 0.38
142.8 1063.42 0.24 38 217 0.10 0.52 414
143.4 1063.43 27 0.25 68 304 0.18 0.76 4]2
143.7 1063.43 0.23 66 370 0.17 0.85 418
143.9 1063.43 1.3 0.16 0 106 0.01 0.17
144.4 106344 1.9 1.34 122 63 1.64 0.84 427
144.8 1063.44 1.30 118 55 1.54 0.71 427
145.4 1063.45 1.46 154 g 2.25 0.56 424
145.7 1063.45 1.67 149 k) 2.48 0.57 427
145.9 1063.45 1.3 2,13 210 29 4.47 0.62 425
146.6 1063.46 0.0 3.00 283 31 8.48 0.94 427
147.3 1063.47 0.9 333 272 s 9.20 1.45 421
147.5 1063.47 1.0 3.08 270 27 8.35 0.84 425
148.0 1063.48 3.35 27 30 9.15 1.00 425
148.8 1063.48 0.5 2.84 269 38 7.67 1.09 427
149.4 1063.49 1.2 1.46 145 43 2.12 0.63 425
149.5 1063.49 1.6 1.84 172 39 3.18 0.71 425
Section 2
0.1 1063.50 0.5 1.43 162 53 2.32 0.76 425
0.9 1063.50 0.7 1.65 152 48 2,55 0.79 423
1.1 1063.51 0.6 1.40 126 47 1.77 0.66 427
1.7 1063.51 1.3 1.56 130 26 2.04 0.40 427
2.2 1063.52 2.3 1.37 141 47 1.9 0.65 424
28 1063.52 0.97 123 40 1.22 0.39 425
3.1 1063.53 2.1 0.99 120 48 1.21 0.48 421
35 106353 0.50 9 88 0.51 0.44 416
4.3 1063.54 0.29 87 52 0.25 0.15 412
5.0 1063.55 0.27 87 9 0.24 0.26 411
5.9 1063.55 22 0.08 117 278 0.11 0.25 354
6.8 1063.56 23 0.09 0 il 0.03 0.28
7.8 1063.57 20 0.10 13 350 0.11 0.35 ass
8.7 1063.58 2.8 0.30 74 330 0.24 0.99 358
9.4 1063.59 0.22 83 132 0.18 0.29 385
10.5 1063.60 LY 0.33 62 267 0.21 0.88 418
10.9 1063.60 0.27 69 396 0.19 1.07 156
11.5 1063.61 2.6 0.12 0 542 0.01 0.65
11.7 1063.61 0.11 0 645 0.01 0.71
11.9 1063.61 2.0 0.20 62 350 0.12 0.70 418
12.1 1063.62 2.1 0.1 0 364 0.01 0.40
124 1063.62 29 0.10 0 530 0.00 0.53
12.8 1063.62 24 0.08 B8 1363 0.07 1.09 423
133 1063.63 2.0 0.09 0 1133 0.01 1.02
13.6 1063.63 2.6 0.11 0 982 0.01 1.08
14.2 1063.64 2.3 0.09 87 1044 0.08 0,94 418
14.7 1063.64 3] 0.08 96 1263 0.08 1.01 n
15.2 1063.65 32 0.05 0 3420 0.01 1.7
15.6 1063.65 0.21 69 676 0.15 1.42 416
16.1 1063.66 33 0.11 0 755 0.00 0.83
16.6 1063.66 0.16 bkl 1594 0.12 2.55 354
17.0 1063.67 3.3 0.04 0 3525 0.01 1.41
17.5 1063.67 0.09 78 2867 0.08 2.58 189
18.4 1063.68 0.11 [+] 2845 0.00 313
18.9 1063.68 3.7 0.01 1] 0.0 2.79
19.8 1063.69 4.2 0.03 0 3500 0.03 1.05
20.3 1063.70 4.1 0.04 .0 2650 0.01 1.06
20.7 1063.70 4.1 0.01 261 0.03 1.81 389
212 1063.71 39 0.01 0 7900 0.01 0.79
1.7 1063.71 4.4 0.08 0 1288 0.00 1.03
2.1 1063.72 4.4 0.03 0 3433 0.04 1.03
26 1063.72 39 0.07 0 2243 0.01 1.57
29 1063.72 2.5 0.07 0 1200 0.01 0.84
231 1063.73 2.1 0.06 0 1367 0.01 0.82
232 1063.73 2.5 0.13 0 400 0.01 0.52
235 1063.73 0.35 60 197 0.22 0.69 414
24.0 1063.74 0,08 0 1375 0.01 1.10
244 1063.74 2.7 0.08 1] 825 0.00 0.66

Note: Blank space indicates *‘not determined."
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rials of Types II and III. The area between curves 0.5
and 1.0 defines the ““oil window,” i.e., the zone where
the main formation of liquid hydrocarbons occurs. Be-
yond curve 1.0 is found the zone for the formation of
condensate and wet gas; beyond 2.0, that of dry gas.
The pyrolysis temperatures (Table 2) measured along
Unit 8, i.e., between 940 and 1103 m below the seafloor,
range from 400 to 427°C for organic matter with hydro-
gen indices of 100 and more (Fig. 4). A shifting of some
5°C is observed when comparing Core 85 to 97 data
(Coniacian-Turonian-Cenomanian) and Core 98 to 105
data (Cenomanian-Albian). This should be explained
for the latter both by maturation and by a somewhat
larger contribution of recycled organic matter. In any
case, the pyrolysis temperatures represent the immature
stage of organic matter, before reaching the oil window.

II. Analysis of Carbon and Organic Matter along a
Lithological Sequence, Core 530A-101,
Sections 1 and 2

As mentioned, a single black-shale sequence was first
examined. It belongs to Sections 1 and 2 of Core 101. As
was true for many black-shale sequences described by
the on-board sedimentologists, an olive black laminated
and/or burrowed shale overlain by gray burrowed clay-
stone and underlain by pale green burrowed claystone
defines the sequence. Short black streaks are observed

ORGANIC GEOCHEMISTRY OF CRETACEOUS BLACK SHALES

in both overlying and underlying claystones. They be-
come fewer and farther apart in the adjacent very light
gray nannofossil-foraminifer ooze at the bottom and
the green marlstone at the top. The latter is overlain by
dark gray laminae interbedded with thinner and light
gray laminae at the top of the interval sampled.

Some 79 samples were collected along the 38 cm of
the total sequence. The spacing requires a decimal nota-
tion for centimeters when the interval of a sample has to
be expressed.

Mineral Carbon and Carbonates (Table 1, Fig. 5)

A range of 5 to 37 wt. % of calcium carbonate equiva-
lent (0.57 to 4.40 wt.% of mineral carbon) was found
along the single black-shale sequence in Core 101.

When three classes of carbonates—i.e., a poor one (0
to 15 wt.%), a medium (16 to 25 wt.%), and a rich one
(26 to 35 wt.%)—are considered, the poor class corre-
sponds to the interval from 530A-101-1, 144.4 cm to
530A-101-2, 1.7 cm, i.e., the main black bed. At the top
of the interval, Sample 530A-101-1, 143.9 cm, which
corresponds to a thin detrital level, must be included in
this class. The smallest contents are found at the bottom
for Samples 530A-101-1, 148.8 cm, and 530A-101-2,
0.2 cm. The medium class is present on both sides of
the black bed, i.e., from Sample 530A-101-1, 137.0 cm
to Sample 530A-101-1, 143.4 cm for the top part, and
between Sample 530A-101-2, 2.2 cm and Sample 530A-
101-2, 14.7 cm at the bottom, and it corresponds to green
and green-gray claystones with black streaks. A darker
level observed from Sample 530A-101-2, 12.1 cm to
530A-101-2, 13.6 cm is included. The rich class is again
found on either side, i.e., at top of the series for Sample
530A-101-1, 136.0 cm for light green claystone and at
the bottom in light green marlstone from Sample 530A-
101-2, 15.2 cm to Sample 530A-101-2, 22.6 cm. The high-
est carbonate content (36.6 wt.%) is obtained for two
basal samples—530A-101-2, 21.7 cm and 22.1 cm.

The interval analyzed ends with poorer material on
both sides—i.e., at the top 10 wt.% and less for a lami-
nated gray and white claystone (Sample 530A-101-1,
136.0 cm), and close to 15 wt.% for the basal light gray
claystone (Sample 530A-101-2, 23-24 cm).

In conclusion, a regular increase in the carbonate
content is observed on both sides of the black-shale bed,
ranging from 5-15 wt.% in the black shale to 31-35
wt.% in the top and bottom marlstones. A lithologic
change easily defines the top of the sequence between
Samples 530A-101-1, 136.7 cm and 137.0 cm, while the
bottom boundary cannot be localized more. accurately
than between 101-2, 18.9 ¢cm and 101-2., 22.9 cm.

Organic Carbon

A variation of the organic carbon (OC) content from
0.01 to 3.35 wt. % of total rock is observed along the in-
terval analyzed (Table 1, Fig. 5). The following classes
will be considered:

1) Very rich: >3 wt.%

2) Rich: 1.01-3.00 wt.%

3) Average: 0.51-1.00

4) Low:<0.50
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Table 2. Sample depth, carbon, and pyrolysis assay data, Cores 50 to 105, Hole 530A.

Depth Hydrocarbon  Carbon
Core-Section below  Mineral Organic Hydrogen Oxygen compounds  dioxide Pyrolysis
(interval seaflloor carbon  carbon index index (mg/g (mg/g  temperature
in cm) (m) (wWi.%)  (wi.%) (mg HC/g OC) (mg CO2/g OC) rock) rock) (*C)
50-4, 85-90 595.85 1.0 0.10 0 920 0.00 0.92
51-5, 85-90 606.85 1l 0.07 0 571 0.00 0.40
53-2, 36-40 620.85 1.0 0.12 18 683 0.05 0.82 378
56-1, 85-90 648.35 28 0.07 0 1836 0.00 1.32
57-1, 83-86 657.83 1.0 0.10 61 750 0.07 0.7% 430
60-1, 115-120 686.65 1.5 0.06 65 1600 0.04 0.96 430
63-1, 59-62 714.59 Ll 0.08 48 1550 0.04 .24
64-3, B-10 726,58 1.6 0.07 0 1429 0.00 1.00
67-2, 53-55 754.03 4.1 0.07 0 1943 0.00 1.36
68-4, 32-35 766,32 J.2 0.07 86 1700 0.13 1.19 398
69-2, 99-101 773.49 20 0.08 0 1213 0.00 0.97
T0-4, 15-18 TBB.15 0.6 0.06 [1] 1233 0.00 0.74
T1-4, 60-62 T795.10 .5 0.09 38 1256 0.03 1.13 423
72-5, 115-118 806.65 1.8 0.05 o 1360 0.01 0.68
73-2, 91-93 811.41 3.5 0.08 0 1588 0.00 1.27
74-1, 68-T70 819.18 4.9 0.18 0 561 0.00 1.01
754, 26-29 B32.76 1.3 0.0% o 1133 0.01 1.02
76-1, 34-36 837.84 1.3 0.11 (1] 3645 0.00 4.01
77-3, 135-137 851,35 1.7 0.08 17 1375 0.02 1.10 393
78-6, 101-103 865.01 i6 0.08 ] 1438 0.00 1.15
794, 106-109 B71.56 1.8 0.09 0 822 0.00 0.74
80-2, 136-139 878.36 4.5 0.08 0 1488 0.00 1.19
81-1, 136-138 BB6.36 6.8 0.08 0 1475 0.00 1.18
82-5, 105-108 901.50 1.2 0.08 0 900 0.00 0.72
83-3, 73-76 907.73 1.6 0.07 ] 871 0.00 0.61
84-3, 55-57 916.55 ER | 0.07 0 1157 0.00 0.81
B5-4, B3-85 927,33 1.7 0.07 0 814 0.00 0.57
BS54, 105-107 927.55 1.8 0.09 15 1156 0.m 1.04 355
85-5, 24-26 928.24 0.9 0.06 1] 567 0.00 0.34
B5-5, 32-33 928.32 1.2 1.48 68 o7 1.00 1.58 418
85-5, 17-39 928,37 0.9 0.10 0 460 0.00 0.46
§7-1, 20-22 940,20 24 0.10 0 590 0.00 0.59
87-1, 34-36 940.34 1.2 0.10 0 710 0.00 0.71
87-1, 38-40 940,38 1.0 10.14 340 23 34.47 232 406
§7-1, 49-50 940.49 2.3 0.10 16 790 0.02 0.7% s
§7-1, 66-67 940,66 1.2 .10 0 590 0.00 0.59
§7-1, 80-82 940.80 0.9 8.36 270 23 22.61 1.92 411
87-2, 136-138 942.86 1.3 0.10 0 920 0.00 0.92
+87-3, 120-130 944.20 23 o1 0 B36 0.00 0.92
874, 19-20 944,69 0.9 0.12 0 567 0.01 0.68
874, 21-22 944,71 0.9 0.14 0 436 0.00 0.61
874, 27-28 944.77 1.1 8.83 326 20 28.79 1.78 411
874, 28-29 944.78 1.3 211 115 87 2.44 1.84 411
87-4, 30-32 944,80 0.8 13.53 mn 21 50.25 2.85 409
874, 33-34 944.83 0.9 0.20 35 s 0.07 0.63 413
874, 4142 944.91 1.1 0.1 0 1418 0.00 1.56
874, 45-47 944,95 13 0.11 4] 482 0.00 0.53
874, 51-52 945.01 1.1 2.53 95 4l 241 1.12 424
874, 54-55 94504 Lo 0.58 67 90 0.39 0.52 349
874, 61-63 94511 16 0.11 0 1900 0.00 2.9
874, 71-73 945.21 1.2 0.12 0 567 0.00 0.68
874, T7-19 945.27 1.1 213 04 64 .22 1.36 426
87-4, B2-84 945.32 0.7 8.10 327 20 26.51 1.59 411
§7-4, 88-90 945.38 0.5 0.14 0 543 0.00 0.76
88-3, 07-09 952.07 34 0.08 0 1488 0.00 1.19
88-3, 18-20 952.18 1.6 0.14 0 £43 0.00 1.18
88-3, 30-32 952.30 0.8 11.78 416 19 48.97 2.22 402
#8-3, 40-42 952.40 2.6 0.18 26 861 0.05 1.55 389
89-1, 13-15 958.13 16 0.11 ] 727 6.00 0.80
89-1, 28-30 958.28 0.5 10.22 416 12 42.56 1.22 412
+B89-5, 120-130 965.20 0.9 0.90 11 62 0.09 0.56 n
90-2, 35-37 968.85 0.7 0.11 0 664 0.00 0.73
90-2, 118-121 96968 1.0 0.08 0 812 0.00 0.65
90-2, 147-148 969.97 1.0 0.10 ] 390 0.00 0.39
90-3, 02-05 970.02 0.8 .11 ] 591 0.00 0.65
90-3, 12-14 970.12 0.0 0.13 53 285 0.07 0.37 392
90-3, 21-23 970.21 0.2 0.12 1] 408 0.00 0.49
90-3, 26-28 970.26 0.0 0.09 0 0.00 0.40
90-3, 35-36 970.35 14 0.10 0 1300 0.00 1.30
90-3, 42-44 970.42 0.0 0.32 60 166 0.19 0.53 416
90-3, 48-49 970.48 0.0 011 ] 627 0,00 0.69
90-3, 51-52 970.51 0.1 10.81 17 24 ¥ .61 411
90-3, 53-54 970.53 0.0 1.98 124 39 2.46 0.77 422
90-3, 55-57 970.55 0.0 0.10 0 840 0.00 0.84
90-3, 58-39 970.58 0.0 0.10 0 460 0.00 0.46
90-3, 60-61 970.60 0.0 0.21 49 195 0.10 0.41 416
90-3, 64-66 970.64 0.0 ¥ ) 40 19 4.7 1.39 411
90-3, 66-68 970.66 0.1 14.84 447 2 66.35 3.31 411
90-3, 69-71 970.69 0.0 0.12 0 525 0,00 0.63
90-3, 73-75 970.73 0.0 0.13 0 415 0.00 0.54
90-3, 7B-30 970.78 0.0 0.36 57 111 0.20 0.40 405
90-3, 82-83 970.82 0.5 3.88 276 16 10.73 1.41 418
90-3, 83-85 970.83 0.1 18.72 505 18 94.56 1.37 411
90-3, B5-87 970.85 0.5 17.10 746 24 127.51 4.03 414
90-3, 87-89 970.87 0.1 6.70 349 27 23.38 1.82 414
90-3, 89-91 970.89 0.0 0.40 70 70 0.28 0.28 410
90-3, 94-95 970.94 0.0 0.14 0 129 0.00 0.46
90-3, 97-99 970.97 0.2 0.12 0 542 0.00 0.65
90-3, 102-103 971.02 1.4 0.13 0 669 0.00 0.87
90-3, 103-105 971.03 0.6 6.45 289 24 18.65 1.55 419
90-3, 105-106 971.05 0.5 1573 483 18 75.98 190 392
90-3, 107-108 971.07 1.0 1.63 106 93 1.73 1.52 425
90-3, 110-111 971.10 1.8 0.80 76 156 0.61 1.25 421
90-3, 114-116 972.14 4.9 0.08 0 2838 0.00 2.27
90-3, 119-121 971.19 6.6 0.10 860 0.00 0.86
90-3, 124-126 971.24 Lo 0.15 0 367 0.00 0.55
90-3, 127-129 971.27 0.4 011 0 464 0.00 0.51
904, 1-3 971.31 1.0 1.32 77 46 1.01 0.61 416
90-4, 4-5 971.34 0.2 0.37 53 116 0,20 0.43 402
90-4, 10-11 971.40 0.3 0.13 35 538 0.07 0.70
91-1, 1-3 976.01 0.3 0.12 0 617 0.00 0.74
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Table 2. (Continued).

Depth Hydrocarbon Carbon
Core-Section below  Mineral Organic Hydrogen Oxygen compounds  dioxide Pyrolysis
(interval seafloor carbon  carbon index index (mg/g (mg/g  temperature
in em) {m) (wt.%) (wt.%) (mg HC/g OC) (mg CO3/g OC) rock) rock) (*C)
91-1, 5-6 976.058 0.2 0.09 1] 600 0.00 0.54
91-1, 8-10 976.08 0.3 0.08 0 1125 0.00 0.90
91-1, 15-16 976.15 0.4 0.09 10 689 0.03 0.62 405
+91-2, 120-125 978.70 1.1 0.12 17 442 0.02 0.53 413
934, 109-111 995.59 0.7 0.09 0 611 0.00 0.55
934, 129-131 995.79 0.6 0.09 1] 700 0.00 0.63
934, 136-138 995.86 0.5 0.91 76 90 0.69 0.82 411
+93.5, 135-145 997.35 1.2 1.02 90 T8 0.92 0.80 422
94-1, 34-36 999.34 04 0.13 (1] 415 0.00 0.54
94-1, 37-39 999.37 0.8 0.21 0 152 0.00 0.74
94-1, 40-41 999.40 0.6 12.66 199 prd 50.53 2.82 412
-1, 42-43 099,42 0.6 1.61 88 38 1.41 0.61 419
94-1, 48-50 999.48 0.6 0.24 5 271 0.06 0.65 414
94-1, 64-65 999,64 0.5 0.22 ] 227 0.00 0.50
%-1, 70-72 999.70 5.1 0.14 0 1321 0.00 1.85
94-1, T7-78 999.77 0.9 0.16 41 244 0.07 0.39 431
94-1, B2-B4 999.82 0.4 0.12 0 258 0.00 0.31
94-1, B6-87 999.86 0.5 1.91 17 42 2.24 0.80 429
+95-4, 131-141 1013.81 1.9 0.39 70 197 0.27 0.77 413
95-5, 00-21 1014.00 0.9 0.30 47 330 0.14 0.99 407
95.5, 35-38 1014.35 0.9 15.46 570 20 B8.11 313 413
96-4, 14-16 1021.64 0.7 0.14 0 436 0.00 0.61
964, 17-18 1021.67 0.7 0.13 0 354 0.00 0.46
964, 21-23 1021.71 2.9 2.94 257 29 7.56 0.84 414
96-4, 24-26 1021.74 1.0 2.15 160 29 3.43 0.63 423
96-4, 27-30 1021.77 0.5 2.3 155 41 1.58 0.94 423
96-4, 32-33 1021.82 0.7 1.46 78 72 114 1.05 422
96-4, 35-37 1021.85 0.5 4.34 284 19 12.31 0.84 420
96-4, 37-39 1021.87 0.4 112 75 52 0.84 0.58 422
96-4, 42-44 1021.92 3.6 0.14 1] 486 0.00 0.68
964, 45-46 1021.95 4.3 012 kL 1142 0.04 1.37 451
S6-4, 46-47 1021.96 6.1 0.14 0 750 0.00 1.08
96-4, 50-51 1022.00 23 0.2 1] 875 0.00 1.05
964, 51-52 1022.01 25 0.13 0 654 0.00 0.85
96-4, 53-55 1022.03 1.2 0.14 V] 321 0.00 0.45
96-4, 56-57 1022.06 2.1 0.11 1] 900 0.00 0.99
96-4, 59-60 1022.09 0.5 0.15 0 00 0.00 0.45
96-4, 62-63 1022.12 0.1 5.88 349 n 20.52 1.32 415
97-3, 8-10 1029.08 0.3 0.14 13 279 0.05 0.39 426
97-3, 12-14 1029.12 0.3 0.94 128 a8 1.20 0.45 409
97-3, 17-20 1029.17 0.4 3.09 282 2 B8.70 0.99 420
97-3, 20-21 1029.20 0.3 6.12 385 20 23.55 1.23 413
97-3, -3 1029.22 0.6 6.76 442 26 29.86 1.77 418
97-3, 24-26 1029.24 0.5 8.29 492 21 40.75 1.70 404
97-3, 29-31 1029.29 0.7 8.29 431 25 3571 210 412
97-3, 34-36 1029.34 0.5 0.54 49 B 0.27 0.46 417
97-3, 40-42 1029.40 1.0 0.15 0 193 0.01 0.59
97-3, 53-55 1029.53 0.7 0.20 0 240 0.00 0.48
97-3, 61-63 1029.61 0.3 13.71 430 20 58.99 272 404
97-3, 66-68 1029.66 0.5 263 2 28 5.83 0.73 410
97-3, 90-93 1029.90 0.3 8.52 139 2 28.90 1.90 402
97-3, 94-96 1029.94 0.5 0.18 ] 200 0.00 0.36
+97-3, 115-125 103015 0.9 0.88 23 53 0.20 0.47 409
974, 95-104 1031.45 0.8 7.82 208 20 16.27 1.53 412
99-3, 9-10 1047.09 34 0.12 0 1333 0.00 1.60
99-3, 16~18 1047.16 34 0.12 17 1000 0.03 1.20 388
99.3, 22-23 1047.22 1.4 0.16 0 669 0.00 1.07
99-3, 30 1047.30 0.9 0.18 0 250 0.01 0.45
99-3, 38-41 1047.38 0.8 0.28 23 125 0.07 0.35 418
99-3, 42-44 1047.42 0.9 0.20 1] 150 0.02 0.30
949-3, 48-49 1047 .48 1.2 0.16 0 k1 b 0.00 0.51
99-3, 57-59 1047.57 1.1 0.12 0 475 0.21 0.57
99-3, 66-68 104766 1.2 0.12 0 325 0.01 0.39
+99-5, 10-20 1050.10 1.3 0.50 27 B0 0.14 0.40 4n
100-1, B4-86 1053.84 1.5 0.19 5 505 0.03 0.96 504
100-1, 88-91 1053.88 0.8 0.48 64 94 0.32 0.45 406
100-1, 91-92 1053.91 0.8 0.98 67 83 0.68 0.81 410
100-1, 94-95 1053.94 0.8 1.93 144 33 2.82 0.63 425
100-1, 95-96 1053.95 0.9 1.54 93 48 1.45 0.74 419
100-1, 99 1053.9% 0.8 1.4] 47 10 0.67 D.14 419
100-1, 101 1054.01 0.7 1.80 116 29 2.09 0.53 420
100-1, 104 1054.04 0.9 0.88 52 67 0.46 0.59 409
100-1, 105-107  1054.05 1.5 0.60 40 93 0.24 0.56 418
100-1, 107 1054.07 1.2 0.66 47 108 0.31 0.71 413
100-1, 109-110  1054.09 0.9 0.26 25 154 0.06 0.40 401
100-1, 112-113  1054.12 0.7 0.16 0 431 0.00 0.69
100-1, 117-118  1054.17 0.9 0.13 0 246 0.00 0.32
100-1, 122-123  1054.22 1.3 0.14 0 714 0.00 1.00
101-2, 124-137  1063.74 i0 0.39 46 6 0.21 1.35 414
101-2, 124-137  1063.74 1.8 0.56 40 188 0.22 1.05 413
101-2, 124-137  1063.74 2.7 0.34 9 403 0.13 1.37 416
+101-3, 105-115  1066.05 2.3 0.16 0 688 0.00 1.10
102-3, 106 1075.06 4.0 0.16 0 544 0.00 0.87
102-3, 111-112  1075.11 29 0.22 50 395 0.13 0.87 419
102-3, 115-117 107515 1.1 0.58 58 121 0.36 0.70 421
102-3, 119-120 1075.19 0.3 2.40 145 29 3.48 0.69 421
102-3, 121-122  1075.21 0.5 2.34 121 20 2.83 0.47 414
102-3, 125-126  1075.2% 0.5 9.28 460 17 42.68 1.62 406
102-3, 127-129  1075.27 1.5 0.40 0 85 0.00 0.34
102-3, 132-134 107532 14 0.14 o 536 .00 0.75
102-3, 139-140  1075.39 33 0.14 0 721 0.00 1.0l
+103-3, 110-120  1084.10 1.2 5.47 8 4 0.47 0.24 413
104-2, 1-3 1086.51 1.5 0.75 55 92 0.42 0.69 419
104-2, 3-8 1086.53 0.7 0.38 46 176 0.18 0.67 414
+105-1, 100-110  1095.00 1.3 0.51 22 80 0.11 0.41 415
105-4, 3-5 1098.53 0.5 .96 79 28 8.26 0.83 419
1054, 69-70 1099.19 0.5 0.21 0 76 0.00 0.16
1054, 108-120  1099.58 53 0.1 0 745 0.00 0.82
105-5, 67-70 1100.67 0.5 0.12 0 300 0.00 0.36

Note + = OGP sample,
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The rich class is found in the main black bed from
Samples 530A-101-1, 144.4 cm to 530A-101-2, 2.2 cm.
The finely laminated clays at the top of the sequence
(i.e., 530A-101-1, 136.0 cm to 136.7 cm) reveal contents
close to 1 wt.%. Such contents are also found at the bot-
tom of the black bed for 530A-101-2, 2.8 and 3.1 cm.
They are the only data for the average class. On the
other hand the low class is present extensively, especially
in the 0.21 to 0.35 wt.% ranges. The latter is found on
both sides of the black bed from Samples 530A-101-2,
3.5 cm to 10.9 cm at the bottom and from 530A-101-1,
142.8 cm to 143.7 cm at the top, just on top of a thin de-
trital level. Two discrete beds also belong to this range,
i.e., a brownish layer for Sample 530A-101-1, 139.8 cm,
and at the bottom some light gray claystone for Sample
530A-101-2, 23.5 cm. Poorer data were obtained for
Samples 530A-101-2, 18.9 cm to 21.2 ¢m (0.04 wt.% and
less) amidst one of the intervals where data are not signif-
icant (0.10 wt. % and less), i.e., on the top from Samples
530A-101-1, 137.0 cm to 142.2 cm and on the bottom
between Samples 530A-101-2, 12.4 cm and 24.4 cm.

When the OC distribution is compared to that of car-
bonate, the poor carbonate content observed for the
black shales corresponds to the richer OC contents,
while the carbonate-rich green marlstones on both sides
reveal the poorest organic material.

Petroleum Potential

The total hydrocarbons (S; + S,; Espitalié et al.,
1977) expelled during pyrolysis represent the petroleum
potential. Since free hydrocarbons (S;) are sparsely
present, only the hydrocarbons issuing from kerogen
(S,) are considered here (Table 1, Fig. 5).

A positive correlation is clearly observed when the
vertical distribution of petroleum potentials and organic
carbon contents are compared. In the black-shale inter-
val, the passage from poor potentials (less than 0.5 kg of
hydrocarbons per metric ton of rock) to average poten-
tials (2.01 to 5 kg/t) is progressive, while it is abrupt
from average potentials to good potentials (5.01 to 20
kg/t). On both sides, green claystones and marlstones
are devoid of any petroleum potential.

Hydrogen Index

The hydrogen indices (HI) are considered questionable
when they are related to an organic carbon content of
0.10 and less. A large proportion of the others (Table 1)
depends on the black-shale bed and the adjacent clay-
stones between Samples 530A-101-1, 142.9 cm and 143.7
cm at the top, and between Samples 530A-101-2, 2.8 cm
and 4.3 cm at the bottom. The others correspond, re-
spectively, to the thinly laminated level at the top (530A-
101-1, 137 cm), to the passage from 530A-101-2, 8.7 cm
to 10.9 cm, and to a brown level at 530A-101-1, 139.8
cm. Even for the most organic-rich material in the black
bed, the HI range is low (less than 300).

Carbon Dioxide

During Rock-Eval analysis, carbon dioxide issuing
from oxygenated compounds of organic matter (S; peak)
is analyzed (Table 1, Fig. 5). A variation from 0.15 to
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3.13 kg of carbon dioxide (CD) per metric ton of rock
(kg/t) was observed along the interval analyzed.

When the vertical distribution of CD is considered
(Fig. 5), two maxima appear along the base line. One of
them (1.45 kg/t) corresponds to the most organic-rich
sample (Sample 530A-101-1, 147.3 cm) in the black
shales. The other is located in the organic-poor material
of the green and gray marlstones, with 2.79 to 3.13 kg/t
for Samples 530A-101-2, 18.4 cm and 18.9 cm. The first
maximum is clearly related to the organic carbon maxi-
mum for the black-bed interval, the other corresponds
to a very low OC content.

The negative correlation observed for the CD and OC
contents can be used to delimit the rhythmic sedimenta-
tion in the interval studied here. Thus the base of the
organic-poor and carbonate-rich sediments for the bot-
tom member of the sequence is characterized by a maxi-
mum of carbon dioxide. Considering the very low con-
tent of OC (0.01 wt.%) and of hydrogenated compounds
encountered at this level, deeply altered organic matter,
and thus oxidizing conditions of the environment of de-
position, can be inferred.

Oxygen Index

Oxygen indices will not be examined because their
variations duplicate the carbon dioxide variations dis-
cussed here (Table 1).

Chloroform Extracts

A low hydrocarbon content was detected in the three
samples selected (Table 3) from the black-shale bed. It
represents 15 to 18 wt.% of the total extract, and the
latter represents 0.2 to 0.5 wt.%. of rock and 1.2 to
1.9 wt.% of the total OC. As usually found for DSDP
material of Cretaceous age, NSO compounds largely
predominate (Table 3). Gas chromatography of saturates
(Fig. 6A) reveals a large proportion of pristane which
suggests a reducing environment. Normal C,5 and n-C,,
predominate in the C;s to C35 range of n-alkanes. A no-
ticeable contribution of polycyclics occurs in the Cyy
range of steranes/sterenes and triterpanes/triterpenes as
observed elsewhere (Roucaché et al., 1979). A chromato-
gram of the aromatics (Fig. 6C) shows a predominance
of monoaromatics and a large contribution of mono-
and diaromatics (Castex et al., 1974) in the C;5 to Cy
range. All these characteristics are indicative of an im-
mature organic matter of marine origin (Type II), as
found for saturates of a marine Toarcian type sample
(Fig. 6B).

Nature of the Organic Matter (from pyrolysis results)

When the diagrams of the hydrogen index (HI) and
the oxygen index (OI) (Fig. 7A, B) are compared, the
following becomes apparent.

The black-shale bed, from Samples 530A-101-1,
144.4 cm to 530A-101-2, 4.3 cm, reveals plots located in
the lower area of the Type I and II evolution paths.
Since they correspond to an immature material (pyroly-
sis temperatures from 421 to 427°C), the relatively low
HI (210 to 122) must indicate some retention of hydro-
carbons in the mineral matrix during pyrolysis (Espitalié
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Figure 5. Geochemical log in Sections 101-1 and 101-2, Hole 530A.

et al., 1980) on the one hand as well as inputs of detri-
tal organic matter into the autochthonous marine ones
on the other hand. The detrital inputs may occur from
more-or-less altered recycled Type III material. Such an
altered material with a zero HI is found just on top of
the black bed. It corresponds to a thin coarse clastic lev-
el for Sample 530A-101-1, 143.9 cm. The absence of any
HI suggests an overmaturation and thus a recycling, and
the low OI (106) suggests reduced environments for pri-

mary and secondary depositions. The contribution of
overmature material is controlled by the low O/C ratio
observed for the kerogen concentrate at the interval
530A-97-4, 95 to 104 cm (Table 4), implying a very ad-
vanced stage of maturation. The path followed on the
HI versus OI diagram (Fig. 7A) from the relatively high
H index in black-shale to the zero index for the detrital
level—i.e., from Samples 530A-101-1, 146.6 cm to
143.9 cm—is representative of a progressive enrichment
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Table 3. Composition of chloroform extracts, Hole 530A.

Extract related

Thin-layer chromatography
fractionation

Sub- .
bottom HC Cj3 Hydrocarbon fraction
Sample depth Extract Torock To OC NSO Aromatic  Saturated
(level in cm) (m) (wt. mg) (wt.%) (%) compounds (%) (%)
101-1, 144 1063.44 1.45 0.02 1.9 82 10 8
101-1, 146-147 1063.46 3.10 0.05 1.2 85 10 5
101-1, 149 to 1063.49 2.60 0.04 1.5 82 13 5
'I'l!‘]l""ll!llllllIIllI'I
20 i
g A - ( A
2 ] «
15 '] ]
L o 4
- ]
g [ ]
& 10f = T
[ :
= r ]
5 2
n-.tllll peatboaaelevnalosnsgl] _J i i i ¢
15 20 25 30 35 40 15 20 25 30

Carbon number

PR = Pristane  PH = Phytane

PR
PH
w

Figure 6. Gas chromatography of saturated fraction: A. Sample 530, 101-1, 146 cm; B. Fecocourt out-
crop, France, Toarcian; C. Gas chromatography of aromatic fraction: Sample 530-101-1, 146 cm.

of detrital and reworked organic matter compared to
the marine component. A symmetric trend is observed
(Fig. 7B) from Sample 530A-101-1, 147.3 cm to 530A-
101-2, 4.3 cm in the underlying claystones.

The gray and green claystones on both sides of the
black-shale bed reveal high O indices (250 and more),
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generally related to low or zero H indices. The poor or-
ganic matter contents suggest oxygenated environments.
The trend of H indices ranging from low to zero reflects
the range of the various mixtures of the two compo-
nents, i.e., detrital organic matter on the one hand and
wholly oxidized organic matter on the other. That dual-
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Figure 7. Diagram of hydrogen index versus oxygen index. A. interval 101-1, 136 to 147 cm; B. interval 101-1, 147 cm to 101-2, 24 cm.

Table 4. Elemental composition and ash content of kerogen concentrates, Hole 530A.

Sub-

Elemental analysis

bottom _M’,is__ R z
Sample depth Hydrogen Oxygen Ash-free basis (wt.%o) . Ashes Atomic
(interval in cm) (m) index index C H N (o] S Fe (wt.%s) H/C O/C
95-5, 0-21 1014.00 47 330 10,33 086 039 226 4673 37.24 217 1.02  0.16
95-5, 35-48 1014.35 570 0 5403 532 1.71 8.60 1640 10.18 3.56 .22 0.2
and 95,CC
97-4, 95-104 1031.45 208 20 §7.81 366 1.31 570 11.90 1140 8.32 0.76 0.07

ity of the organic matter goes with a dual composition
for the lithology. The detrital organic matter corresponds
to the black streaks while the largely oxidized and thus
undifferentiated organic matter is related to the bulk ma-
terial, i.e., the claystones. When the black-streak contri-
bution decreases along the claystones and marlstones,
the H indices decrease to zero and the O indices become
higher. Concurrently, an impoverishment of the OC con-
tent resulting from alteration is observed.

Dark gray and light gray laminae at the top of the in-
terval analyzed (530A-101-1, 136 cm) represent an alter-
nation of reduced and oxidized materials. The H indices
(85 to 98) imply a contribution of detrital and primarily
reduced organic matter issuing from the dark laminae.
The O indices (105 to 136) imply a contribution of un-
differentiated and oxidized organic matter found in the
light-colored laminae.

Nature of the Organic Matter (from kerogen results)

A check was made for the kerogen concentrates of
two main lithologic facies. Two samples were obtained
from Core 95; i.e., a green claystone (Sample 530A-95-5,
0-21 cm) and a black shale (Sample 530A-95-5, 35-48 cm,
plus 530A-95,CC). Another black-shale bed was sampled
in Core 97 (Sample 530A-97-4, 95-104 cm). Elemental
analysis (Table 4) was performed on the three kerogen
concentrates. Data for the green claystone sample can-
not be considered because pyrite represents some 80 per-
cent of the preparation! For the other two samples from
black shale, the difference observed between the H in-
dices remains when their kerogen H/C ratios are con-
sidered. The kerogen from Section 95-5 is placed in a
Van Krevelen diagram (Tissot et al., 1974) just beneath
the Type II reference path. It indicates a large propor-
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tion of Type I or II marine organic matter and a low
stage of maturation. The kerogen from Section 974 is
placed just above the humic-coal area at an advanced
stage of maturation. The latter characteristic supposes a
large contribution of recycled and overmature organic
matter (residual material; Tissot et al., 1979) mixed with
some marine materials.

When optical examination under natural light is used,
the kerogen in black-shale samples from Core 95 (Table
5) reveals amorphous organic matter with a cloud-like
texture for the bulk of the preparation. For the sample
of green claystone in the same core, both amorphous or-
ganic matter with a granulous texture and black-coal de-
bris are the main components (45 and 35%). Pyrite is
abundant (15% and more) as was found from elemental
analysis. Humic coaly material (Type I1I) makes up the
bulk of the green claystone preparation and marine or-
ganic matter (Type II) the bulk of the black-shale prep-
aration. Thermal alteration indices (TAI + 2) correspond
to an immature material,

III. Characterization of the Previous Sequence
(Core 101, Sections 1 and 2)

The shipboard report notes that since many struc-
tures such as graded silt laminae, very low-amplitude
ripple cross-lamination, and fine indistinct continuous
laminae were observed in many black-shale beds, and
since accumulation of organic matter seems to be associ-
ated with turbidite processes, the issue was whether the
black shales were actually organic-rich turbidites.

Some answers can be proposed here. Discontinuities
observed along the OC vertical distribution are indica-
tive of sedimentation disturbances (Fig. 5). A major
change in the OC content is observed at both ends of in-
terval 530A-101-1, 137 to 144 cm. The upper one is be-
tween 136.7 and 137.0 cm, where the OC decreases from
0.96 to 0.08 wt. %, and the bottom one is between 143.9
and 144.4 cm, where the OC increases from 0.16 to 1.34
wt.%. Abrupt changes are, therefore, assigned to down-
slope deposition slumping of the light-green claystones
which disturb the black-shale bed. Another, but minor,
change attributed to downslope movement is observed
just below the black-shale bed between Samples 530A-
101-2, 5.0 and 8.7 cm, where the OC content decreases
from 0.27 to 0.09 wt.% and less.

For the interval studied, the lithological sequence be-
gins with carbonate-rich material in which the lowest
organic carbon content is related to the highest carbon-
dioxide content (530A-101-2, 18.4 cm). Three members
can then be characterized along this sequence, from bot-
tom to top, as follows:

1) A lower member, where the organic matter is oxi-
dized and a few black streaks of detrital organic matter
are interbedded. This ends at 530A-101-2, 3.5 cm with
an enrichment of both black streaks and OC content
(0.50 wt.%).

2) An intermediate member, which corresponds to
the olive-black and black-shale bed. Detrital organic
matter is present throughout but mixed with autoch-
thonous marine organic matter. Reduced environmental
conditions prevail. In this member, the symmetrical dis-
tribution of organic-carbon content and petroleum-po-
tential on both sides of a maximum rules out any prox-
imal turbiditic episode inside the black-shale bed. Nev-
ertheless, a slump localized along the interval between
530A-101-1, 137.0 cm and 143.7 cm disturbs the sedi-
mentation just after the deposition of a thin coarse-
grained turbiditic level at 530A-101-1, 143.9 cm. The in-
termediate member was probably formed after the slump
deposit.

3) An upper member begins just above the slump. It
is sampled only along interval 530A-101-1, 136 cm. This
level of thin laminae is preferentially placed in a mem-
ber distinct from the intermediate one because oxidized
organic matter is extensively present. However the lack
of bioturbation suggests an environment devoid of ben-
thic life and thus poorly oxygenated. Therefore, the
dark laminae of this level represent undisturbed equiva-
lents of the detrital black streaks interbedded in the gray
and green claystones of the lower member.

In summary, the vertical distribution of organic car-
bon and pyrolysis parameters for the organic matter serve
to characterize the successive members of the black-shale
sequence studied. It begins with a carbonate-rich and
organic-poor member where oxidized organic matter pre-
vails and where some detrital organic matter occurs. An
intermediate black member follows where the detrital
and recycled organic matter is largely associated with
marine organic matter. Sedimentation in these two mem-
bers is disturbed by a slump. The upper slump overlies a
thin detrital level which must correspond to a coarse-
grained turbidite. Other proximal turbidites were not
detected. Just above the upper slump, oxidized and de-
trital organic matter prevails, defining the upper mem-
ber of the sequence.

IV. Characterization of Unit 8 through the
Sequences Analyzed

Since DSDP sample spacing usually is larger than the
one used for the sequence in Core 101, Sections 1 and 2,
the question is whether the parameters used to delimit

Table 5. Optical examination and composition of kerogen concentrates, Hole

530A.
Amorphous — gjay Thermal  Main
__OfgAMC MaUEr  cpal  Ligneous alteration  organic
Sample Granulous Cloudy debris debris Spores  Pyrite index facies
95-5, 0-21 45 35 4 1 15 2t02%  Typelll
(green
claystone)
95-5, 35-48, and 80 10 2.5 0.5 7 1to2™ Typell
95,CC (black
shale)
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that sequence can be applied to delimit and characterize
all the sequences and related lithologic units,

The boundary at both ends of a sequence can be ef-
fectively defined from the pyrolysis data as being the
point where the richest carbon-dioxide content (S;) is as-
sociated with poor hydrocarbon content (S;). Since
these data are usually related to a low organic-carbon
content, the boundaries can also be defined by the rich-
est oxygen index associated with a low hydrogen index.
The black bed of a sequence is at the point where the
maximum hydrocarbon content (S,) is reached. Since
the latter generally correlates with a rich organic con-
tent, the point can also be defined by the richest hydro-
gen index of the sequence related to a low oxygen index.
The hydrogen index thus defined will be designated here
as the ‘‘culmination’’ of each black bed and its sequence.

The method was first applied to @ bundle of black
beds in Core 530A-90. Along an interval of 1.05 m, six
consecutive culmination sequences can be recognized
(Fig. 8). Five of them include a black bed. From top to
bottom the boundaries based on organic-carbon and py-
rolysis data are found at 35, 48, 55, 69-73, 97-102, and
114 cm and at 10 ¢m in the core catcher. A culmination
of the hydrogen index (HI) related to a low oxygen in-
dex (OI) clearly appears for each sequence on the HI
versus OI diagram in Figure 8. (See Table 6.) The vari-
ous culminations observed represent four different types
(a to d) and are characterized as follows:

Interval 0-003 Organic
{em)  equivalent carbon (wt.%) index

0 50 0 10
[ e BN & T

7l

B8

ORGANIC GEOCHEMISTRY OF CRETACEOUS BLACK SHALES

Type a: Predominantly detrital organic matter of con-
tinental origin located at the extremities of the bundle:
Samples 530A-90-3, 42 cm and 90,CC (1 cm);

Intermediate type b: Occurring in the interval 530A-
90-3, 48-55 cm at Sample 530A-90-3, 51 cm, where ma-
rine detrital and organic matter are associated;

Type c¢: Marine organic matter predominates over
detrital in two sequences, at 530A-90-3, 66 and 105 cm;

Type d: Typical marine organic matter enriched with
aliphatic compounds, found at 530A-90-3, 85 cm. Such
rich-aliphatic organic matter suggests persistent anaero-
bic conditions.

Over the total interval, a symmetrical distribution of
culminations appears, showing an overall culmination
for the entire ‘‘bundle’” in Sample 530A-90-3, 85 cm.
This distribution repeats on a larger scale the cyclicity
observed in each elemental sequence. A cyclic alterna-
tion of marine and detrital organic matter on the scale
of a sequence is superimposed on a cyclic variation in
the balance of marine and detrital organic matter on the
scale of a set of sequences.

On a larger scale of several sets of sequences, a sup-
plementary rhythm is suspected, as is the case for the
top of Unit 8 along the 30 m of Cores 90 to 85 (Fig. 9).
When the culminations of the hydrogen index for each
set of black beds are considered, a regular decrease up-
ward appears from Core 90 to Core 85. The detrital or-
ganic matter progressively replaces the marine organic

Carbon dioxide
(83, ka/t)

012 3 4
T

Hilvs. O1

3 3 8R8LHRLS

82}

pe of culmination points

Figure 8. Geochemical log for a bundle of black shale beds in Section 90-3, Hole 530A.
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Figure 9. Culminations of depth versus hydrogen index in black shales
on both sides of Unit 7 and Unit 8 boundary,

matter and in turn is replaced by oxidized materials de-
void of organic matter in Core 85. Therefore, the last
organic-rich level is reached at the base of Unit 7, Sam-
ple 530A-85-5, 32 cm. The trend indicates a general re-
gression from reduced environments toward oxidized
ones.

In the classic progradational submarine fan sequence
grading from basinal Unit 8 to thick upper fan channel
sediments in Unit 6 (Stow, this volume), the variation
observed in the organic matter corresponds to the tran-
sition from the basin deposits of Unit 8 to the fan-lobe
and channel sediments of Unit 7.

To consider the whole 163 m of Unit 8, 45 beds and
sequences were analyzed (Table 6). The distribution of
the black-shale bed culminations falls into five hydro-
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Table 6. Hydrogen index culminations in black shale sequences,
grouped by culmination type. (interval in cm)

Hydrogen index
<50 50-100 101-300
Culmination type

301-700 >700

Bed or
sequence
(interval in cm) a b c d

85-5, 24-39 32-33
87-1, 20-50 38-40
87-1, 66-82 80-82
87-4, 19-42 27-28
874, 19-42 30-32
874, 42-63 51-52
87-4, 63-90 77-79 82-84
874 113
88-3, 7-42 30-32
89-1, 13-28 28
90-3, 35-48 42-44
90-3, 48-55 53-54
90-3, 55-69 66-68
90-3, 73-97 85-87
90-3, 102-114 105-106
90-3, 114-130

and CC to CC (1-3)
93.52 135-145
94-1, 34-72 40-41
94-1, 72-87 86-87
95-43 131-141
95.5, 20-48 35-48
96-4, 14-46 32 21, 24, 27 35, 39
96-4, 46-63 62-63
96-6 38
97-3, 8-42 17 20 to 31
97-3, 42-68 61-63
97-3, 90-96 90-93
97-32 115-125
974 56-57
97-4, 95-104 95-104
97,CC cc
98-3 92-93
99.52 10-20
100-1 99-100
100-1, 84-123 99, 104, 110 91,95 94, 101
101-1, 137-150 144 to 150

o

101-2, 1-18 Oto3
102-3, 106-140 119, 121 126
103-32 110-120
1034 85-86
104-3 0-1
105-12 100-110
105-2 139-140
1054, 3-120 3-5

2 - OGP sampling.

gen-index classes (Fig. 10) along three stratigraphic sub-
divisions of Unit 8, i.e., the lower part of the Coniacian
(Cores 85 to 94), the lower Turonian to Upper Cenoma-
nian (Cores 95 to 97), and the Lower Cenomanian to
Upper Albian (Cores 98 to 105), as follows:

During the early period (the Albian to Cenomanian)
most of the culminations belong either to the lowest
class (0 to 5) or to the medium one (101 to 300). This dis-
tribution is indicative of detrital and allochthonous or-
ganic matter. The reverse was observed for the Cenoma-
nian-Turonian and the Coniacian periods. Most of the
culminations belong to the medium class (101 to 300)
and a higher one (301 to 700), which implies autoch-
thonous marine organic matter. The poorest class is pres-
ent for the Cenomanian-Turonian period and the rich-
est is present only for the Coniacian. When the HI ver-
sus OI plots are considered for the whole of Unit 8,
similar patterns are found for the two later periods (Fig.
11) where marine and detrital organic matter are associ-
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Figure 10. Distribution of hydrogen-index culminations in black-shale
beds in lithologic Unit 8.

ated. For the earlier period most of plots depend on a
low HI related to a high OI, which in turn is mainly the
result of detrital organic material.

More accurate observations and comparisons on the
scale of the whole unit would require a more detailed
sampling. Consequently several questions, including the

ORGANIC GEOCHEMISTRY OF CRETACEOUS BLACK SHALES

following, cannot be answered by the present study: Do
the richest black shales occur in the Coniacian? Is the
low sedimentation rate for the Cenomanian-to-Turo-
nian period correlative—or not—with a large number of
organic-rich black beds? Does a large-scale rhythmic
sedimentation prevail throughout the whole of Unit 8?

V. Characterization of Organic Matter in the Other
Units of Cretaceous Age (Units 5 to 7)

For all Cretaceous units other than Unit 8 (Table 2),
the samples reveal petroleum potentials that are very
poor (0.13 kg/t and less) to nil. At the same time the OC
contents are so poor (0.12 wt.% and less) that the H and
O indices cannot be considered. The very poor OC con-
tent corresponds to a considerable alteration of the OM.
Thus, oxygenated environments of deposition can be
deduced for all the samples from the other units of Cre-
taceous age, Units 5 to 7. This is related to sedimenta-
tion of these Cretaceous units noted in the shipboard re-
port: the sediments comprise a classic progradational
submarine fan sequence where turbidite structures are
present throughout.

At this point, some answers to the questions posed in
the introduction can be proposed.

First, part of the organic matter present in the black
beds depends on detrital organic material transported
by turbidity currents. Nevertheless, the remainder of the
organic matter comes from marine organic material of
autochthonous origin. A second answer is related to the
previous one—namely, anoxic conditions are required
for preservation of this easily oxidizable marine materi-
al. A high biological oxygen demand may be one of the
factors for maintaining anoxic conditions below the
water/sediment interface. In addition, the main factor
in establishing these anoxic conditions must be searched
for in relation to the cyclic variations—in amount and
composition—of the organic matter as this has been
found and described previously on several scales, i.e., via
an elemental sequence, then for a bundle of sequences,
and lastly for a set of bundles.

VI. Climatic Factors Affecting the Sedimentation and
Distribution of the Organic Matter in the
Black-Shale Unit

During the past 600,000 years, an average duration of
84,000 years has been assigned for the major climatic
cycles (Ruddiman and Mclntyre, 1976); 82,000 years
were proposed by Mélieres (1979) through three cycles
of the early Albian time along DSDP Sites 400 and 402.
An order of magnitude of 100,000 years is generally
considered for such climatic cycles.

An average cycle duration of the same order of mag-
nitude (76,000 years) is obtained for each sequence
along Unit 8 of Hole 530A, supposing that each num-
bered black bed belongs to one cycle sequence and that
the cores recovered represent the whole unit. Moreover
the black-shale facies (Cores 77 to 105) is supposed to
cover the 20 m.y. of the early Coniacian to late Albian
interval, according to on-board nannoplankton analyses.

In addition to considerations of duration, climatic
variations can account for the cycles or sequences when
applied to a barred depression or basin, such as the An-
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Figure 11. Diagram of hydrogen index versus oxygen index along the stratigraphic divisions of Unit 8.

gola Basin during the Albian to Coniacian periods. Re-
gardless of the size of the basin, deep-sea circulation
must be similar to what occurred in the recent Black Sea
(Redfield et al., 1965). Thus the fundamental mechanism
depends on the water balance (Demaison et al., 1980),
which is controlled in turn by climatic factors, i.e.,
whether or not arid periods predominate over wet ones,
in which case a change in the water balance occurs.

The predominance of an arid period induces a nega-
tive water balance with oxygenated waters, while the wet
period is too poorly developed to modify that balance.
An arid phase also implies a low to nil influx of runoff
and clastics. Since the basin is highly oxygenated, only
impoverished deeply altered marine organic matter reach-
es the water/sediment interface. Calcareous tests of nan-
noplankton and foraminifers contribute carbonate mate-
rial, and the organic matter content is low to nil. During
the wet phase only some highly resistant organic matter
recycled from eroded land arrives in the basin. It repre-
sents the black deposits disjointed by bioturbation and
distributed as discrete streaks in the marlstones.

‘When wet periods predominate over arid ones until a
warm but continuously wet climate develops, a positive
water balance prevails throughout a barred marine ba-
sin. As a result of nutrient richness, marine organisms
proliferate, and anoxic environments develop on the bot-
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tom. In turn, marine organic matter can easily be pre-
served in black beds. Influxes of clastics, nutrient salts,
and recycled organic matter depend on the seasonal rhy-
thm and intensity of run-off and precipitation. This or-
ganic matter represents the detrital component observed
in most black beds. When only soluble material is car-
ried to the basin, enrichments of marine organic matter
occur. The supply of nutrients and absence of detrital or-
ganic matter in runoff explain these enrichments. If
such conditions continue for a long time in a quiescent
environment, bacterial anaerobic activity develops on the
bottom, and aliphatic enrichment of the organic matter
is observed, so that organic-rich black beds occur.

Consequently, climatic change can be proposed to ex-
plain the cyclic variation of organic matter along the
black-bed sequences. Two different scales have to be
considered: a hundred years or less for every elemental
unit of deposition including a thin (1 mm or less) black-
streak, and tens of thousands of years for every se-
quence including a black bed. The latter corresponds to
the duration of a major climatic cycle, while the former
may represent a seasonal fluctuations.
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