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ABSTRACT

The organic facies of Cenozoic sediments cored at DSDP Sites 548-551 along the Celtic Sea margin of the northern
North Atlantic (Goban Spur) is dominated by terrestrially derived plant remains and charcoal. Similar organic facies
also occur in the Lower and Upper Cretaceous sections at these sites. Mid-Cretaceous (uppermost Albian-Turonian)
sediments at Sites 549-551, however, record two different periods of enrichment in organic material, wherein marine or-
ganic matter was mixed with terrestrial components. The earlier period is represented only in the uppermost Albian-
middle Cenomanian section at the most seaward site, 550. Here, dark laminated marly chalks rich in organic matter oc-
cur rhythmically interbedded with light-colored, bioturbated marly chalks poor in organic matter, suggesting that bot-
tom waters alternated between oxidizing and reducing conditions. A later period of enrichment in organic material is
recorded in the upper Cenomanian-Turonian sections at Sites 549 and 551 as a single, laminated black mudstone inter-
val containing biogenic siliceous debris. It was deposited along the margin during a time of oxygen deficiency associ-
ated with upwelling-induced intensification and expansion of the mid-water oxygen-minimum layer. In both the earlier
and later events, variations in productivity appear to have been the immediate cause of oxygen depletion in the bottom
waters.

INTRODUCTION

One of the objectives of Leg 80 of the Deep Sea Drill-
ing Project was to determine the effects of changing pa-
leoceanographic conditions on the accumulation, com-
position, and diagenesis of sediments on the Goban
Spur and the adjacent Porcupine Abyssal Plain along
the Southern Irish continental margin (Fig. 1). Among
the more useful sedimentary parameters to monitor when
conducting such a study are the types and amounts of or-
ganic matter. Organic matter is a sensitive indicator of (1)
the degree of oxygenation of bottom waters, because more
labile components are better preserved under less oxic con-
ditions, (2) surface water productivity, because enrichment
in organic matter may coincide with high productivity, and
(3) the paleoclimate of the hinterland (humid vs. arid), be-
cause runoff affects the supply of terrestrial organic mat-
ter to the depositional environment.

Of particular paleoceanographic significance are the
black chalks and mudstones that occur in the upper-
most Albian to Turonian sections at Sites 549, 550, and
551. These sequences are enriched in marine-derived or-
ganic matter and appear to have been deposited during
two different periods of bottom-water oxygen depletion.
The older sequence, uppermost Albian (Vraconian) to
middle Cenomanian, was found only at the most sea-
ward (and deepest) site, 550 (Fig. 1). It is made up of in-
terbedded light-colored, bioturbated, and darker (often
black) laminated, marly chalks and calcareous mud-
stones. Darker intervals are enriched in organic matter,
whereas lighter intervals are lean in such matter. A later
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Figure 1. Locations of DSDP Sites 548-551. Bathymetry in meters.
Previous DSDP drill sites in the region (118,119, and 400-402) are
included for reference.

period of oxygen depletion is inferred from a recovered
single interval of black mudstone rich in organic matter
(upper Cenomanian or lower Turonian) at Sites 549 and
551.

To determine the relative importance of such effects
as productivity, preservation, and climate on deposition
of organic matter at Sites 548-551 during the Cenozo-
ic and Cretaceous, we have examined the types and
amounts of organic matter in the sediments. The find-
ings for the mid-Cretaceous were related to the deposi-
tion of organic matter in coeval sediments at other sites
in the northern North Atlantic to determine the region-
al controls on organic facies and content of organic
matter.

969



R. CUNNINGHAM, D. GILBERT

METHODS

Analyses for type and amount of organic matter were conducted
on the Cenozoic and Cretaceous lithologic units of Sites 548-551. The
types of organic matter were characterized using transmitted-light mi-
croscopy (Masran, 1978; Masran and Pocock, 1981), Rock-Eval pyrol-
ysis (Espitalié et al., 1977), and lipid extraction followed by capillary
gas chromatography; total organic carbon (TOC) was determined by
LECO combustion. Our TOC and pyrolysis data supplement the ex-
tensive shipboard analyses conducted by Waples and Cunningham
(this volume); for individual lithologic units we report average values
for TOC and pyrolysis based on the results of this study and the ship-
board data.

RESULTS

Types and Amounts of Organic Matter

Site 548

The Holocene to Upper Cretaceous post-rift sedi-
ments recovered at Site 548 (1246 m water depth), the
shallowest and most shoreward of the Goban Spur tran-
sect sites (Fig. 1), generally contain low levels of organic
matter. On average, the total organic carbon (TOC) con-
tent decreases from 0.40% in lithologic Subunit la to
0.08% in Unit 6 (Table 1; Fig. 2).

Terrestrial components (wood and charcoal) consti-
tute, on average, 75% of the particulate organic matter
in the Site 548 samples (Table 1). A minor contribution
of amorphous and algal material (generally less than
30%) is apparent in some samples from each of the
units studied, and a sizable fraction of indeterminate
fine material (av. 50%) occurs in Units 3 to 5. Pyrolysis
data indicate a predominantly terrestrial origin for the
organic matter at this site. Hydrogen indices are usually
less than 150 mg hydrocarbons (HC)/g TOC; oxygen in-
dices are usually greater than 150 mg CO2/g TOC for
samples from all units (Table 1). Values such as these in-
dicate terrestrial and (or) highly oxidized organic matter
generally referred to as Type III kerogen—based on the
Van Krevelen-type diagram developed by Espitalié et al.
(1977; see Fig. 3 of this paper for reference). The pre-
dominance of terrestrial organic matter, general lack of
enrichment in organic material, and intense bioturba-
tion throughout the sequence indicate that oxidizing con-
ditions have existed at Site 548 since the Campanian.

Site 549

The Holocene to Barremian post- and syn-rift sedi-
ments recovered at Site 549 (2535 m water depth) show
two periods of enrichment in organic matter, one repre-
sented in Unit 10 (lower Barremian) and the other in
Unit 5 (lower Cenomanian to Turonian) (Table 1; Fig.
2). The other lithologic units contain only minor
amounts of organic matter. The predominantly nanno-
fossil oozes and chalks making up Units 1-4 average
0.06-0.27% TOC. Although chalks poor in organic
matter make up the bulk of Unit 5, an upper Cenoma-
nian-Turonian black siliceous mudstone very rich in or-
ganic matter (up to 9.31% TOC) occurs in Section 549-
27-1. The TOC contents of Units 6 to 9 are again low,
averaging only 0.31-0.40% TOC. In Unit 10, however,

TOC values average 1.00% and range up to 6.87%. The
carbonate content of these sediments decreases toward
the bottom of the hole as a result of the increasing influ-
ence of terrigenous clastic input on sedimentation.

The black siliceous mudstone interval in Core 27 of
Unit 5 represents one of the few periods when marine
organic matter accumulated in the sediments recovered
on Leg 80. The bulk of the kerogen is made up of amor-
phous material (av. 60%); woody, coaly, and indetermi-
nate fine material make up the remainder (Table 1). Rel-
atively high hydrogen indices, up to 459 mg HC/g TOC,
indicate a marine origin for the amorphous kerogen.
Marine-derived kerogen is richer in hydrogen than Type
III organic matter, and plots in the Type II field on the
Van Krevelen-type diagram (Fig. 3; Espitalié et al.,
1977). Only terrestrial organic matter was observed by
pyrolysis and visual kerogen analysis to occur in the
other units at Site 549.

During most of the depositional history at Site 549,
bottom waters appear to have been well oxygenated..
This is supported by the intense burrow mottling, low
contents of TOC, and lack of marine organic matter in
the sediments. Although some intervals in Unit 10 are
enriched in organic matter, they are bioturbated and
contain only terrestrial kerogen, suggesting that oxidiz-
ing conditions existed at the times they represent as well.
In Section 549-27-1, however, the presence of a finely
laminated black mudstone interval (uppermost Ceno-
manian to lower Turonian) enriched in marine organic
matter indicates that the bottom waters were briefly
reducing.

Site 550

Site 550 (4432 m water depth) is the deepest and most
seaward site on the Goban Spur transect (Fig. 1). All the
lithologic units (Fig. 2; Table 1) were deposited at either
abyssal (Units 1-3) or bathyal depths (Units 4 and 5) (de
Graciansky et al., this volume). The nannofossil oozes,
chalks, and calcareous mudstones from Subunit la to
Subunit 3b (lower Paleocene to Campanian) are uni-
formly low in content of organic matter, with TOC val-
ues averaging from 0.05% to 0.09%. The Coniacian to
Santonian black claystones and interbedded mudstones
and turbiditic nannofossil chalks of Subunits 4a and 4b
have average TOC values of 0.35% and 0.28%, respec-
tively, slightly higher than the shallower units. The low
CaCO3 content (0-10%) of the claystones and mud-
stones suggests that the CCD was much shallower dur-
ing deposition of this unit than for the overlying and
underlying units (de Graciansky et al., this volume). In
Unit 5, finely laminated marls and calcareous mud-
stones, both rich in organic matter (av. 1.27% TOC),
are rhythmically interbedded with uppermost Albian
(Vraconian) to middle Cenomanian nannofossil chalks
poor in organic matter (av. 0.17% TOC).

Kerogen description and pyrolysis results show that
most units at Site 550 contain a terrestrial organic facies
(Table 1 and Fig. 3). In Unit 5, however, the laminated
intervals rich in organic matter have moderate hydrogen
indices (av. 206 mg HC/g TOC), indicating a mixture of
Type II (marine) and Type III (terrestrial) organic mat-
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Table 1. CaCθ3 and TOC contents (%), contents of organic matter by type (%), thermal alteration indices (TAI),
and pyrolysis data, DSDP Sites 548-551.

Unit

la
la
la
2
2
3
3
3
3
3
3
3
3
3
3

Sample
(interval in cm)

1-2, 54-56
3-2, 60-73
5-2, 0-15
7-2, 60-76
13-2, 70-85
15-2, 48-62
17-4, 75-89
19-2, 37-47
23-2, 125-139
25-2, 130-145
27-2, 94-107
29-2, 65-79
31-2, 64-79
33-2, 63-77
35-1, 70-85

Hole 548A

3
3

3
3
4a
5
5
5

2-2, 49-58
6-3, 10-20
8-2, 50-60
10-3, 20-30
12-2, 30-40
22-6, 120-130
24-2, 55-65
28-2, 69-79

Hole 549

4
5
5
6
6
6
6
6
7
8
8
8

10
10
10
10
10
10
10
10
10
10

22-2, 99-105
27-1, 40-43
27-1, 43-46
35-1, 67-74
37-1, 67-73
42-2, 39-46
44-1, 38-51
46-2, 115-121
52-1, 6-8
57-2, 120-132
59-2, 46-53
60-2, 36-50
72-1, 95-100
74-2, 10-19
76-2, 37-47
79-1, 76-79
84-2, 66-76
85-2, 127-137
88-2, 27-37
90-2, 117-130
91-2, 12-20
92-1, 80-83

Hole 550

1
la

1-2, 30-34
5-2, 90-103

Hole 55OB

3a
3b
4a
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

6-5, 90-100
12-4, 67-74
13-6, 45-56
16-1,98-102
16-2, 101-102
16-2, 146-148
17-2, 0-10
17-2, 74-80
17-2, 110-115
17-3, 108-110

18-1, 6-10
18-1,41-45
20-3, 30-45
23-4, 20-26
23-4, 57-72
24-2, 46-49
24-2, 55-59
25-2, 97-107
25-2, 137-143
25-3, 60-68
25-4, 56-65

Hole 551

2
5
5

Hl-1, 100-111
5-2, 67-70
5-2, 103-112

Sub-bottom
depth
(m)

2.1
15.7
34.1
53.7
93.3

102.1
123.3
132.9
153.8
163.9
173.5
183.2
193.2
204.7
209.8

217.6
256.2
274.1
294.3
311.9
413.8
426.1
464.3

391.0
436.4
436.5
512.7
523.2
570.9
588.5
609.7
664.1
712.8
730.0
738.9
802.5
812.7
826.9
852.8
886.2
890.8
910.8
931.2
939.2
947.3

1.8
130.5

529.5
565.7
578.0
599.5
601.0
601.5
608.1
610.3
610.6
612.1
617.1
617.2
638.4
666.7
667.2
673.0
673.1
682.5
683.0
683.6
685.1

48.1
134.7
135.1

Chrono-
stratigraphy

Pleist.
Pleist.
Pleist.
Pleist.
Pleist.
Pleist.
u. Pleist.
n. Pleist.
u. Pleist.
ii. Pleist.
. Pleist.
. Pleist.
. Pleist.
. Pleist.
. Pleist.

i. Mio.
u. Mio.
u. Mio.
j . Mio.
m. Mio.
Eoc.
IOC.

Eoc.

vlaest.
Cenom.-Tur.
Cenom.-Tur.
m. Alb.
m. Alb.
m. Alb.
-n. Alb.
-n. Alb.
ii. Barrem.
. Barrem.
. Barrem.
. Barrem.
. Barrem.
. Barrem.
. Barrem.
. Barrem.
. Barrem.
. Barrem.
. Barrem.
. Barrem.
. Barrem.
. Barrem.

Pleist.
. Pleist.

vlaest.
Camp.
Coniac.-Sant.
•n. Cenom.
n. Cenom.
•n. Cenom.
•n. Cenom.
•n. Cenom.
•a. Cenom.
•n. Cenom.
•n. Cenom.
m. Cenom.
. Cenom.
α. Alb.
a. Alb.
α. Alb.
α. Alb.
α. Alb.
a. Alb.
ii. Alb.
i. Alb.

Joe.
Cenom.-Tur.
Cenom.-Tur.

CaCO 3

18.2
22.6
36.1
21.4
18.1
28.4
41.3
48.4
50.9
42.2
49.5
63.2
60.8
57.8
53.7

50.8
54.9
49.4
43.4
84.7
18.3
37.8
33.3

78.8
25.0

1.5
26.8
27.3
62.0
28.3
73.6
77.8
32.2
13.9
38.1
39.3
60.3

8.4
2.5
0.2
4.2
0.1
5.7
5.4
7.8

27.1
78.7

42.9
56.9

0.6
80.3
73.8
21.9
64.7
67.4
67.7
76.3
71.1
66.4
52.5
60.5
51.1
52.0
55.7
58.4
55.9
68.6
48.2

14.8
1.3
2.3

TOC

0.40
0.53
0.35
1.23
0.45
0.35
0.41
0.35
0.30
0.24
0.28
0.29
0.14
0.20
0.20

0.22
0.09
0.11
0.13
0.08
0.17
0.09
0.06

0.01
9.31
2.09
0.22
0.47
0.34
0.52
0.11
0.09
0.16
0.33
0.25
0.70
0.09
0.83
0.52
0.16
2.80
0.07
0.24
0.61
6.87

0.29
0.08

0.05
0.03
0.55
1.54
1.98
0.99
0.06
2.37
2.26
1.72
2.19
1.86
0.98
1.58
0.27
2.02
1.68
0.95
1.91
1.69
0.38

0.30
6.24
6.66

Am

_

90
30
_

10
30
_

_
_

_

—

_

_

_
_

—

70
50
_
—

_
_

—
—
—

_

—

—

_

_

40
30
10

40
30
20
30
30
_
20
10
20
20
10
20

—

30
20

Al

_

_
—

_

_
20
_

_
10
—

10
10

10
10
_
20
—

_
_
_

_
_
_

_

_
_
_
_

_

—

—

_

_

_
—

_
_
—

_

40
—

—

—

Type of organic matter

PS

20
_
10
10
_

—

_
_
—

_
_

—

_

_

_
_
_

—

_
_
10
10
10
_

_

_
_
—
_
10
—
_
_
10

—

_

_
_

10

_

10
10

_
_
—

10
10
10
_

-

—

—

w

60
10
40
80
10
20
40
30
10
30
20
10
10
10
10

10
_
10
_
10
_

10

10
10
10
20
30
30
40
30
40
60
50
50
50
50
60
40
60
70
70
70
50
50

80
40

80
60
10
10
20
10
30
40
40
30
30
20
20
70
20
20
60
30
10
30

50
10
20

C

20
—
20
10
80
50

—
20
10
20
40
50
60
60
60

20
90
90
30
40
30
80
90

90
10
10
80
60
60
40
70
60
40
50
50
30
50
20
60
40
10
30
30
30
20

10
60

100
20
40
30
40
60
90
20
20
20
20
30
40
20
20
20
40
10
30
20
70

50
10
10

IF

—

—
—

60
50
80
30
40
40
30
20
30

60
_

60
40
70

—

10
30
_
_
_
10
—
—
—
_

20
_
20
_
—
—
_
—
—

—

—

—

20
20
—
—
10
10
10
10
10
40
20
—
20
_
10

30

—

30
50

Other

—

—
—
—
—
_
_
—
—

_
_

—

_
—
—
—
—

_
—
—
_

—
—
—

_
—
—
—
—

10(BT)
—
—
_

20(BT)

10(BT)

—

—
—

—
—
—
_
—

—
—
—

20(RB)
—

20(RB)
10(RB)

_
10(RB)

_

—

20(BT)

—

TAI

1.5
—
1.7
1.7
2.0
1.9
1.9
1.9
_
2.0
2.0
2.0
2.0
2.0
1.9

1.9
1.9
1.9
1.3
_
2.0

—

2.0
2.2
2.0
1.7
2.0
2.0
2.0
2.0
2.0
2.0
1.7
2.0
2.0
2.0
1.7
—
1.7
2.0
2.0
2.0
2.0

2.0

—

—
2.0
2.2
2.3
2.0

1.9
2.3
2.0
2.2
2.2
1.7
2.3
2.3
2.3
2.3
2.3
2.0
2.0
2.0

2.1
1.8
1.9

HI

67
84

86
—
82

129
_

137
—
—

160
—

—
—
161
—
Il l
—
—

459
212
—
—
—
—
_
—
—
—

—
—
—
—
—
137
—
—
67

128

—

—
—
214
250
108
—
284
286
269
313
253
61

186
18

215
146
54

223
235

18

110
374
368

OI

1130
832

628
—
982
948
_
—

1270
—
—
—

1440

—

—
—

1769
—

2880
—
—

90
134
—
—
—
—
—
—
—
—
—
—
—
—
—
—
121
—
—
280

83

—

—
—
215
160
251
—
137
148
164
166
165
295
181

1196
203
208
296
187
173
823

1250
107
90

7"

( ° Q

—

420
—
—
—
_
—
—
—
—
—

400

—

—
—
—
—
—
—
—

409
424
—
—
—
—
—
—
—
—
—
—
—
—
—
—

427
—
—

422
407

_

—

_

—
—

427
421
427
—

424
422
423
422
428
430
430
—

428
430
426
424
427

—

—

415
411

Note: % CaCθ3 was calculated assuming that all inorganic carbon occurs as CaCθ3: total organic and inorganic carbon were determined by LECO analy-
sis at Exxon Production Research Company. Organic matter types (in % of kerogen fraction) follow the classification scheme of Masran and Pocock
(1981): Am = amorphous, Al = algal, PS = pollen and spores, W = woody, C = coaly, IF = indeterminate fines, BT = biodegraded terrestrial, RB
= round bodies, HI = hydrogen index (mg hydrocarbons/g TOC), OI = oxygen index (mg Cθ2/g TOC), and 7 " m a x = temperature (°C) at which
pyrolysis yield is maximum (analyzed by Rock-Eval pyrolysis at Exxon Production Research Co.). Dash under any of the organic matter type columns
indicates 0%. Dash under other columns indicates no determination.
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Site 548 Site 549

Lithologic description

Alternating olive-gray marly
calcareous ooze and nannofossil

Reddish clay, grayish clay,
foraminifer—nannofossil oozes.

Homogeneous greenish gray, bio-
turbated nannofossil oozes and
chalks interbedded with darker
turbiditic silty mudstones. Sider
itic hardground. Quartz sands.

Light greenish gray foraminifer
nannofossil chalks.

Brownish marly nannofossil
chalk.

White, yellow, pink, and brown
foraminifer—nannofossil chalk.

Sideritic hardground, quartz sands.
Arkosic sandstone and black shales

Figure 2. Lithologic and stratigraphic summary of DSDP Sites 548-551.

ter. On the basis of visual kerogen analysis, the pro-
portion of marine organic matter (amorphous) averages
30% in these samples (Table 1). The bioturbated inter-
vals with low content of organic material in Unit 5 con-
tain mainly terrestrial (90-100%) organic matter. The
low TOC contents, terrestrial organic facies, and exten-
sive bioturbation which characterize Units 1-4 are con-
sistent with deposition under oxidizing bottom waters.
Enrichment of marine organic matter in the black lami-

Lithologic description

Marly calcareous nannofossil
and foraminifer—nannofossil
oozes.

Bluish white to light greenish
gray nannofossil chalk.

Brown, yellow, and gray marly
nannofossil and nannofossil
chalk.

Light-colored nannofossil chalk

Greenish gray nannofossil chalk.

<S Gray calcareous siltstone.

nated mudstones of Unit 5 suggests that anoxic condi-
tions occurred periodically during this time.

Site 551

Site 551 (3909 m water depth) lies at the seaward edge
of the Goban Spur between Sites 550 and 549 (Fig. 1).
The foraminifer-nannofossil oozes and chalks of Units
1-4, Holocene to Turonian, have low contents of organ-
ic matter, with TOC values averaging 0.04-0.23% (Fig.
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Site 551 Site 550

Lithology

Pale brown to white foraminifer-
nannofossil ooze and calcareous

Yellow to light brown calcarec
ooze and calcareous mudstone

Lithologic description

Light gray calcareous ooze to
chalk with white mottling.

j White to pale green nannofossil
] chalk and siliceous mudstone.

Black shale rich in organic matt
jt—LJrVhite and pale yellow chalks..

Brownish, reddish and gray
altered pillow basalts with pink
and white calcareous sediment
iπfillings.

Site 549 continued

Lithologic description

Gray calcareous siltstone.

Red sandy dolosparite

Reddish, yellowish, and gray
calcareous and sandy calcareous
mudstones.

Hard, gray grainstones.

Interbedded calcareous and non-
calcareous sandy mudstones
and mudstones.

Light olive brown foliated
micaceous sandstone.

Lithologic description

Light bluish and greenish gray
nannofossil oozes and chalks.

Yellow-brown, green and olive
nannofossil chalk, marly nanno-
fossil chalk and mudstone; minor
siliceous biogenic component.

-Mn rust

vnish and grayish marly
lofossil chalk.

Brownish, gray and olive siliceous
nannofossil chalk and mudstone.

White and pink nannofossil
chalks, grayish green and pale
brown marly nannofossil chalks
with interbedded, often graded,
green, pink and white calcareous
turbidites.

j Homogeneous, carbonate free, [
dark, massive mudstones with
no bioturbation.

Interbedded dark mudstone, cal-
careous mudstones and chalks.

Interbedded light (gray, reddish
and brownish) bioturbated cal-
careous mudstone and finely
laminated, dark gray to black,
calcareous mudstone.

Dark green to black wih red,
brown, and pink thin, indurated,
calcareous sediment interbeds.

Figure 2. (Continued).
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Type I

A Site 549, Unit 5

• Site 550, Unit 5

O Site 551, Unit 5

D Site 549, Unit 10

50 100 150 200

Oxygen index (mg CC^/g TOC)

250 300

Figure 3
TOC

Characterization of organic matter by Rock-Eval pyrolysis.
values for samples as indicated.

2; Table 1). Chalks depleted in organic matter (av.
0.05% TOC) also occur in Unit 6 (upper Cenomanian).
In sharp contrast with these units, however, a lower Tu-
ronian black mudstone rich in organic matter makes up
Unit 5 (Fig. 2; Table 1). TOC values reach 10.94% in
this unit (Waples and Cunningham, this volume), which
also contains less than 5% CaCO3 and is rich in biogen-
ic silica and zeolites (de Graciansky et al., this volume).
Hydrogen indices for Unit 5 average 366 mg HC/g TOC,
suggesting a mixed marine-terrestrial organic facies (Fig.
3). This was supported by kerogen description, which
showed that about 30% of the organic matter is amor-
phous (probably marine) and another 30% is terrestrial
(woody, coaly). The remaining 40% of the kerogen is
indeterminate fine material. The preservation of labile
components and the presence of laminations and bio-
genic siliceous material suggest that this unit was de-
posited under anoxic conditions associated with high
productivity.

Thermal Alteration
Thermal alteration indices (TAI) measured from

spore and pollen color (Staplin, 1969) indicate that the
sediments cored on Leg 80 are thermally immature for
the generation of hydrocarbons (Table 1). TAI values
range from 1.5 to 2.3; values greater than 2.0 occur in
the bottom units at all the sites.

The immaturity of the sediments is also shown by
their low pyrolysis Tmax values (Table 1). Tmax is the ex-
perimental temperature at which the production of hy-
drocarbons during pyrolysis reaches a maximum (Espi-
talié et al., 1977). Values in the range 400-435°C indi-
cate thermally immature kerogen, whereas the range
435-460°C indicates the main zone of oil generation.
All the Leg 80 samples fall in the immature range, with
values of 430°C or less.

C15+ Data

Four black laminated mudstone intervals, rich in or-
ganic matter, from Unit 5 at Sites 549, 550, and 551,
and a bioturbated marly chalk, low in content of organ-
ic matter, also from Unit 5 at Site 550, were analyzed for
components in the heavy C15+ extractable bitumen frac-
tion (Table 2). Because of the small size of these sam-
ples, only two from Hole 550B (Sections 17-2 and 23-4)
provided enough extract for main-group analysis. As-
phaltene and pentane-soluble NSO compounds make up
the bulk of the extract in these samples; hydrocarbons
constitute less than 10%, which is typical for thermally
immature sediments (Mclver, 1973).

Capillary gas chromatograms of the saturated-hydro-
carbon fractions of Samples 550B-17-2, 103-112 cm
and 550B-23-4, 57-72 cm are similar, with /z-alkanes in-
creasing in relative abundance from «C17 to nC23 and
then decreasing abruptly in the nC24-/*C35 range (Figs.
4A, B). The steroid/pentacyclic triterpenoid hydrocar-
bons in the «C27+ range are poorly represented. The on-
ly differences between the two samples are three major
peaks in the ΛC 1 9 -C 2 I region of the chromatogram for
the sample from Core 17, which do not appear in that
from Core 23 (Figs. 4A, B). Although as yet unidenti-
fied, these peaks may represent olefinic, branched, or
cyclic hydrocarbons which apparently were not buried
or, more likely, were preserved in the deeper sample
from Hole 550B. The marly chalk of the sample from
Core 17 is finely laminated and rich in organic matter,
whereas that from Core 23 has a low content of organic
matter and is bioturbated; this suggests that bottom wa-
ters were anoxic during deposition of the Core 17 sam-
ple and oxic during deposition of the Core 23 sample.

The n-alkane maximum in these chromatograms at
nC23 is usually considered evidence of bacterial rework-
ing of algal and terrestrial organic matter (Johnson and
Calder, 1973; Galimov et al., 1982). The unimodal dis-
tribution of A/-alkanes for the two Site 550B samples is
skewed toward the light homologs (<nC^), indicating
that an algal component accompanies the material al-
tered by microorganisms. Oddly, the C25-C31 w-alkanes,
indicative of terrestrial plant waxes (Eglinton and Ham-
ilton, 1963), are lacking in these samples, despite visual
kerogen and pyrolysis evidence for terrestrial input. Al-
teration during transport, however, may have reduced
the extractable hydrocarbon component of the terrige-
nous organic fraction before deposition.

Table 2. Results of analyses of extractable bitumen (Ci5+).

(interval in cm)

549-27-1, 40-43
550B-17-2, 103-112
550B-18-1, 41-45
550B-23-4, 57-72
551-5-2, 67-70

TOC

9.31
2.19
1.86
0.27
6.24

SOM
(ppm)

3933
512
405
372
115

HC
(ppm)

46
_
28
—

HC/TOC

0.23

1.04
—

Components in

Sat

3.5
—
2.1
—

(
Aro

5.5
—
5.4
—

NSO

32.4

26.3
—

SOM

Asp

83.6
58.6
82.3
66.3
60.9

Note: SOM = soluble organic matter (bitumen, Ci5 + ); HC = hydrocarbons; Sat =
saturated hydrocarbons; Aro = aromatic hydrocarbons; NSO = N, S, O com-
pounds; Asp = asphaltenes. Dash means no determination.
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Figure 4. Gas chromatograms of the saturated C1 5 + hydrocarbon fraction of (A) Sample 550B-17-2,
103-112 cm, and (B) Sample 550B-23-4, 57-72 cm.

DISCUSSION

Two different periods of enhanced deposition of or-
ganic matter occurred in the mid-Cretaceous along the
Goban Spur. At Site 550, the deposition of marly chalks
with TOC values in excess of 2% took place during lat-
est Albian (Vraconian) to middle Cenomanian time.
Later, during the latest Cenomanian to Turanian at the
shallower and more landward Sites 549 and 551, sedi-
ments were deposited which have markedly higher con-
tents of organic matter (about 10%) and a lithology (si-
liceous, noncalcareous mudstones) different from those
laid down during the earlier period (Table 1).

Latest Albian (Vraconian)-Cenomanian at Site 550

History of Enrichment in Organic Matter

The record of enrichment in organic matter at Site
550 began with the initiation of sedimentation there in
the late Albian after seafloor spreading had started. The
first unit deposited, Unit 5 (Cores 550B-25 to 550B-15),
consists of a 90-m sequence of marly nannofossil chalks

and calcareous mudstones, alternately dark, laminated,
and rich in organic matter and light, bioturbated, and
low in content of organic matter (Fig. 2). TOC values
reach maxima of about 2% in Cores 16-18 and 23-25,
but fall below 1% in the intervening cores (de Gra-
ciansky et al., this volume). A middle Cenomanian hia-
tus in Section 550B-15-4 separates these sediments from
overlying Santonian-Coniacian claystones.

An example of the light and dark cycles as they occur
in the upper part of Unit 5, from Section 550B-17-1 to
Section 55OB-18-1, is shown in Figure 5. In a typical cy-
cle (Sample 55OB-18-1, 35-113 cm), the contact between
light gray (N5-N7, 5Y 6/1-7/1) chalk above and dark
gray to black (5Y 2/1-4/1 to N2-N3) finely laminated
marly chalk below may be sharp to gradational, whereas
the inverse contact is always gradational. Therefore, we
interpret the base of the light-colored intervals as the be-
ginning of a new cycle (Fig. 5). Given the relatively rapid
sediment accumulation rate for this unit, about 13 m/
Ma, the thicknesses of these cycles yield periods of from
10,000 to 100,000 years. This range is commonly report-
ed for cyclically deposited black shale sequences else-
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marl cycles

17-2 17-3 17-4 17-5 18-1

10

20

30

40

50

60

ε 70

= 80

90

100

110

120

130

140.-

150L

Begin new cycle.
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gray (5Y 2/1-4/1) marl
to calcareous mudstone.

Contact
gradational.

CaCO3

25 50 75

TOC {%)

1 2

(313)

Bioturbated light gray
(N5-N7,5Y 6/1-7/1)

marly nannofossil chalk.

Begin new cycle.

Contact sharp
to gradational

(296)

(135) (253)

Figure 5. An example of the Albian-Cenomanian light/dark depositional cycles, Hole 55OB. Variations in lithology, TOC, and CaCO3 are shown for
Section 550B-18-1. Hydrogen indices given in parentheses at right side of figure.

where in the North Atlantic (Dean et al., 1978; McCave,
1979; Arthur, 1979).

Overall, Unit 5 is approximately homogeneous with
respect to lithologic composition, but several mineralog-
ic trends are apparent. A gradual increase in carbonate
content from 50 to 80% CaCO3 occurs from the bottom
to the top of the unit (Table 1; Waples and Cunning-
ham, this volume). Also, a decrease in detrital quartz
content and a transition in clay-mineral composition—
from a mixture of smectite, illite, chlorite, and mixed-
layer clay to nearly pure smectite—occurs upsection
through Unit 5 (de Granciansky and Gillot, this vol-
ume).

Superimposed on these trends are minor short-term
variations in CaCO3 content within the individual light/
dark cycles. In several cycles, the CaCO3 content was

found to increase with TOC in the finely laminated in-
tervals as compared with the bounding bioturbated in-
tervals (Fig. 5; Waples and Cunningham, this volume,
their fig. 8). TOC values are highest in the center of the
laminated intervals (up to 2.4% TOC), and decrease to
background values of about 0.1% TOC in the lighter-
colored portions of the bioturbated intervals. As shown
for Section 55OB-18-1, CaCO3 content parallels TOC,
reaching values of 60-70% in the laminated intervals
rich in organic matter and falling to baseline values of
about 55% in the bioturbated intervals poor in organic
matter (Fig. 5). There is a good positive correlation be-
tween the CaCO3 contents and TOC contents for several
of the laminated intervals with high contents of organic
matter throughout Unit 5 (Figure 6). CaCO3 and TOC
contents are plotted as their ratios to the clastic fraction
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0.02 0.04 0.06
% TOC:% clastic

0.08 0.10

Figure 6. Covariance of % CaC03: 7o clastic and °/o TOC:% clastic
for several of the laminated intervals rich in organic matter in Unit
5, Site 550.

to eliminate the effect of mutual dilution by this sedi-
mentary component. The covariance of CaCO3 and
TOC contents may be attributed to their joint produc-
tion by biological activity in the surface waters.

Several factors argue against sediment redeposition
as the cause of cyclic sedimentation in Unit 5 at Site
550. These include the gradualness of the mineralogic
trends, gradational nature of contacts between light and
dark intervals (except for the contacts at the tops of the
dark intervals, which may be sharp), and the lack of

graded bedding and current laminations. Instead of sed-
iment redeposition, cyclic variation in preservational
conditions—the degree of oxygenation of the bottom
waters—possibly coupled with or related to changes in
surface-water productivity, may have led to the bedding
rhythms.

Evolution of Organic Facies

The relative amounts of marine and terrestrial organ-
ic matter in sediments depend on the differential rates at
which these components accumulate compared with
carbonate and clastic diluents. Source functions con-
trolling the accumulation rate of marine material in-
clude the rate of primary productivity in the surface wa-
ters and the competing rate of decomposition of organic
matter in the water column and sediments. Only if the
former rate outweighs the latter, as in areas of anoxic
bottom waters and (or) high productivity, will marine
organic matter be buried. The accumulation rate of ter-
restrial organic matter is somewhat less influenced by
the rate of organic decomposition, owing to greater re-
sistance of terrestrial plant remains to oxidation. Other
factors, such as terrestrial productivity and runoff, both
of which are climatically controlled, are important mod-
ulators of the terrestrial TOC flux.

For Unit 5 at Site 550, the controls on organic facies
were determined by examining variations in the accumu-
lation rates of the major organic and lithologic constitu-
ents (Fig. 7). The accumulation rates were calculated by
multiplying the concentrations of the various sedimen-
tary constituents (from Table 1) by the bulk accumula-
tion rate, using the relationship of Muller and Suess
(1979) and Thiede et al. (1982). Accumulation rates de-

600 -

620 -

640 -

660 -

680 -

1.5 3.0 4.5 0 0.3 0.6 0.9 1.2 0.8 1.6 2.4 3.2 0 0.3 0.6 0.9 1.2 0

TOC peak TOC TOC Clastic
(mg/cm2.y.) x 100 background terrestrial (mg/cm2 y.) (mg/cm2 y.) x 100

(mg/cm2 y.) x 100 (mg/cm2 y.) × 100

0.8 1.6 2.4 0.4 0.8 1.2 1.6 2.0

TOC marine CaCO3

]/cm2 y.

Figure 7. Downhole rates of accumulation for the major organic and lithology constituents (identified on figure) of Unit 5, Site 550. Calculated by
using a sedimentation rate of 13 m/m.y., an average porosity of 30%, and an average density of 2.6 g/cm3 (de Graciansky et al., this volume).
TOC, carbonate, and clastic (non-carbonate) data from this study and Waples and Cunningham (this volume) were used to calculate the respec-
tive accumulation rates. TOC accumulation rates are bimodally distributed, with one population (A) above 1 mg/cm2 y. × 100 ("peak rate")
and another (B) below that value ("background rate"). Peak TOC accumulation rate is further divided into (C) terrestrial TOC and (E) marine
TOC accumulation rates, using organic facies data from this study.
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rived in this manner may be related directly to the indi-
vidual source functions which control organic and inor-
ganic sedimentation.

Since bottom waters alternated between oxidizing
and anoxic conditions during the deposition of Unit 5,
the rates of TOC accumulation shifted between peak
and background levels, respectively, under these drasti-
cally different conditions of preservation. We consid-
ered peak TOC values to be those greater than 0.8%.
The pattern of peak rate of accumulation of TOC is
rather unsteady, showing maxima of about 4.5 × 10~2

mg/cm2 y. in the latest Albian and middle Cenoma-
nian and a pronounced minimum of about 1.5 × 10 ~2

mg/cm2 y. in the early Cenomanian (Fig. 7A). Back-
ground rates of TOC accumulation scatter around a
mean which decreases gradually from about 9 × 10~3

mg/cm2 y. in the latest Albian to 3 × 10~3mg/cm2 y.
in the middle Cenomanian (Fig. 7B). These peak and
background rates of organic carbon accumulation are
comparable to those of typical low-productivity regions
in the modern ocean (Muller and Suess, 1979).

The flux of terrestrial TOC makes up the bulk of the
peak TOC accumulation rate in Unit 5 and determines
its general pattern (Fig. 7C). Terrestrial organic matter is
probably transported to the deep sea by mechanisms
similar to those responsible for clastic transport, such as
by turbidity currents or in suspension in the slow-mov-
ing, near-bottom nepheloid layer (Summerhayes, 1981).
For certain terrestrial components, such as pollen and
spores, aeolian transport may also be important (Simo-
neit and Eglinton, 1977). Therefore, we should expect to
see a positive relationship between the accumulation
rates of terrestrial organic matter and clastic material.
In a crossplot of the variables, however, two significant

correlations emerge (Fig. 8A). The trend with the lower
slope corresponds to lower Cenomanian to uppermost
Albian samples from deeper than about 630 m sub-bot-
tom, and shallower middle Cenomanian samples form
the trend with the greater slope.

The sudden increase in the ratio of the terrestrial
TOC to clastic flux beginning in the early middle Ceno-
manian may be related to the eustatic rise of sea level to-
ward a high stand (Fig. 9) in the middle Cenomanian
(Vail et al., 1977). A decline in clastic input is recorded
upsection through Unit 5, reflecting the increasing dis-
tance between this site and the shoreline as sea level rose
(Fig. 7D). A decrease in the rate of TOC accumulation
under oxidizing conditions (background values) is also
evident toward the top of Unit 5 (Fig. 7B). Sediments
with background TOC values (<0.8%) generally con-
tain only terrestrially derived woody and coaly kerogen.
Good correlation of the background TOC and clastic
fluxes suggests similar modes of transport and propor-
tional rates of supply for both components (Fig. 8B).
The peak TOC flux, however, is modified by differential
preservation. In the earliest Cenomanian and early mid-
dle Cenomonian, when conditions of preservation were
optimal at this site, the terrestrial component of the
peak TOC flux reached similar maxima of about 3 ×
10~2mg/cm2 y. (Fig. 7C). Because of the steady de-
crease in clastic flux recorded upsection, however, the
ratio of terrestrial TOC to clastic accumulation rate is
higher for the later period of oxygen depletion.

The accumulation rate for the marine component of
the peak TOC is more erratic than that for the terrestrial
component (Fig. 7E). High marine TOC input in the
earliest and early middle Cenomanian boosts the peak
TOC flux to its highest rates in the period represented by

0.40 0.80 1.20 0 0.40

Clastic (mg/cm y.)

0.80 1.20

Figure 8. A. Interdependence of the accumulation rates of clastic material and the terrestrial component
of peak TOC for Unit 5, Site 550. Filled circles correspond to samples from depths shallower than 630 m
sub-bottom, and open circles correspond to samples from depths greater than 630 m. B. Interdepen-
dence of the accumulation of rates of clastic material and background TOC (Unit 5, Site 550).
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Figure 9. Relative changes of sea level in the Cretaceous (based on Vail
et al., 1977V

Unit 5, and approximate parity between marine and ter-
restrial components in the sediments is achieved. Mini-
mum rates of marine TOC accumulation, less than 8 ×
10~3mg/cm2 y., are recorded in several of the lami-
nated intervals rich in organic matter, and are probably
a function of decreased productivity and preservation.
Declines in productivity are suggested by the minima in
the CaCO3 accumulation rate, which correlate with
minima in the marine TOC flux (Fig. 7F). The peak
minimum in the marine TOC flux, represented at about
640 m sub-bottom, occurred when stronger oxidizing
conditions existed at this site in the early Cenomanian
(de Graciansky et al., this volume).

Cenomanian-Turonian at Sites 549 and 551
This horizon is associated with drilling breccia at

both sites, so that bedding relationships and upper and
lower contacts with chalks low in content of organic
matter are obscured. However, intact fragments indicate
finely laminated textures in which biogenic siliceous ma-
terial, zeolites, pyrite, and organic matter make up the
laminae (de Graciansky et al., this volume). Carbonate
contents are generally less than 20.0% CaCO3, and
TOC contents reach values of about 10% at Sites 549
and 551 (Table 1; Waples and Cunningham, this vol-
ume). The organic facies of this horizon shows a marine
predominance not evident for the earlier period of en-
richment in organic matter at Site 550. The depths of
Sites 549 and 551 during deposition of the upper Ceno-
manian to lower Turonian sediments were about 1500
and 2000 m, respectively (de Graciansky et al., this vol-
ume). This places them at intermediate depths* possibly
within an expanded oxygen-minimum layer existing at
the time (Waples and Cunningham, this volume). The
relatively high content of biogenic silica (mainly recrys-

tallized radiolarian tests) in the laminated mudstones
rich in organic material suggests that intensification of
the oxygen minimum by a high-productivity event may
have led to bottom-water anoxia at these sites.

Because of uncertainty in the overall sediment accu-
mulation rates for the black laminated mudstones at
both sites, accumulation rates of their organic matter
were not determined. Sediment accumulation rates for
similar upper Cenomanian to Turonian black mudstones
at other North Atlantic DSDP sites (de Graciansky et al.,
1982) were unusually low (less than 1 m/m.y.). The low
sediment accumulation rates were in part caused by the
reduced carbonate input consequent upon the relatively
shallow CCD which existed at the time (Thierstein,
1979; de Graciansky et al., this volume). Also, the high
eustatic sea level (Fig. 9) may have caused the rate of
clastic influx to diminish (de Graciansky et al., 1982;
Herbin and Deroo, 1982). Therefore, marine organic
matter and associated biogenic siliceous material proba-
bly produced during coastal upwelling along the Goban
Spur accumulated in these sediments little diluted by bi-
ogenic carbonate and clastic debris.

Regional Implications

The coring along the Goban Spur of mid-Cretaceous
sediments rich in marine organic matter necessitates re-
consideration of the paleoenvironmental models for the
northern North Atlantic. Dark shales high in content of
organic matter have been recovered from the mid-Creta-
ceous sections of other DSDP sites in this region, in-
cluding Site 398 along the Vigo Seamount and Sites 400
and 402 along the Biscay Margin (de Graciansky et al.,
1979; Deroo et al., 1979a; Arthur, 1979). Because of the
presence of marine organic matter (Deroo et al., 1979a;
Summerhayes, 1981) and laminated fabrics in the upper
Albian to Cenomanian black shale intervals at Site 398,
Arthur (1979) suggests that near-anoxic conditions oc-
curred periodically in the deep-water mass. At Site 550,
coeval laminated marly chalks rich in organic matter in-
dicate that anoxic conditions also existed periodically
along the northern Biscay Margin at bathyal depths. At
Sites 400 and 402, however, the organic facies of the
Aptian to upper Albian black shales is predominantly
terrestrial (Deroo et al., 1979b). This prompted de Gra-
ciansky et al. (1979) and Roberts and Montadert (1979)
to suggest that oxidizing conditions existed from shelf to
abyssal depths in the Bay of Biscay.

Since intervals rich in organic matter make up only a
minor fraction of the entire upper Albian to middle Ce-
nomanian section at Site 550, bottom waters appear to
have been predominantly oxidizing. The dark laminated
bands represent relatively brief periods (about 10,000 y.)
of anoxic or near-anoxic conditions. Oxygenated bot-
tom waters may periodically become oxygen depleted by
climatically induced increases in productivity (Dean et
al., 1978; Gardner et al., 1978). When increased produc-
tivity raises the rate of supply of organic matter to the
sediments, oxygen consumption by organic decomposi-
tion may exceed oxygen supply by deep currents. This
can cause bottom waters to become depleted in oxygen
(Gardner et al., 1978). If productivity declines, the re-
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dox boundary may return to a position at or below the
sediment water interface, either gradually or abruptly,
depending on the rate of renewal of oxygen by deep cur-
rents. As noted previously, the covariance of TOC and
CaCO3 contents in many of the bands suggests that var-
iations in marine productivity controlled their occurrence.
In areas of lower productivity yet higher influx of terres-
trial material including organic matter, as probably at
Sites 400 and 402 (de Graciansky et al., 1979) and Site
398 (Arthur, 1979), oxygen depletion may have existed
only in the sediments, with near-anoxic conditions oc-
curring occasionally in the bottom waters.

The Cenomanian-Turonian siliceous mudstones en-
riched in marine organic matter at Sites 549 and 551 ap-
pear to have been deposited in conjunction with a sig-
nificant oceanographic event which enhanced the depo-
sition of marine organic matter over most of the North
Atlantic (Tissot et al., 1980; Summerhayes, 1981; de
Graciansky et al., 1982; Herbin and Deroo, 1982). A
relatively sudden increase in oceanwide organic carbon
production, related to increased circulation between
North and South Atlantic in the late Cenomanian and
(or) the increase in oceanic surface area resulting from
the Cenomanian-Turonian transgression (Fig. 8), has
been suggested as the cause of the excessive organic en-
richment (McCave, 1979; Tucholke and Vogt, 1979; Ar-
thur and Natland, 1979; Schlanger and Jenkyns, 1976;
Summerhayes, 1981). The widespread anoxia associated
with the event may have resulted from the combination
of an increased oxygen deficit in the deep-water mass
and an expanded mid-water oxygen minimum appar-
ently caused by the increased supply of marine organic
matter to the sediments (Schlanger and Jenkyns, 1976;
McCave, 1979).

CONCLUSIONS
1. The Cenozoic and Lower and Upper Cretaceous

sediments along the Goban Spur generally have low con-
tents of organic matter and contain a terrestrial organic
facies. They are also extensively bioturbated, indicating
that deposition took place under oxidizing conditions.

2. Mid-Cretaceous black marly chalk and mudstone
intervals at Sites 549-551 are enriched in organic matter.
The sediments are finely laminated and contain marine
organic matter, which implies deposition under oxygen-
depleted bottom waters.

3. In the uppermost Albian (Vraconian) to middle
Cenomanian section at Site 550, light-colored, biotur-
bated, marly chalks low in content of organic matter al-
ternate rhythmically with dark, finely laminated, marly
chalks and calcareous mudstones rich in organic matter.
Periodicities of the cycles range from 10,000 to 100,000
y. Climatically induced variations in productivity and
circulation caused the bottom waters at this site to alter-
nate between oxia and anoxia. Elsewhere in the north-
ern North Atlantic where productivities remained low,
as at nearby Sites 400 and 402, bottom waters were oxi-
dizing.

4. An upper Cenomanian-Turonian black mudstone
interval, rich in marine organic matter and biogenic sili-
ceous material, was deposited at mid-water depths at

Sites 549 and 551. Its presence indicates that reducing
conditions associated with up welling and, probably, in-
tensification and expansion of the oxygen-minimum
layer, existed in this region. Coeval mudstones enriched
in marine organic matter have been recovered at other
DSDP sites throughout the North Atlantic. These sedi-
ments are attributed to an oceanwide high-productivity
event spawned by the onset of circulation between the
North and South Atlantic.

5. The high stand of eustatic sea level in the late Ce-
nomanian-Turonian may have played a role in the con-
centration of organic matter in the sediments by lower-
ing the accumulation rate of diluting mineral material.
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