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ABSTRACT

Sediment and interstitial water samples recovered during DSDP Leg 93 at Site 603 (lower continental rise off Cape
Hatteras) were analyzed for a series of geochemical facies indicators to elucidate the nature and origin of the sedimenta-
ry material. Special emphasis was given to middle Cretaceous organic-matter-rich turbidite sequences of Aptian to Tu-
ranian age.

Organic carbon content ranges from nil in pelagic claystone samples to 4.2% (total rock) in middle Cretaceous car-
bonaceous mudstones of turbiditic origin. The organic matter is of marine algal origin with significant contributions of
terrigenous matter via turbidites. Maturation indices (vitrinite reflectance) reveal that the terrestrial humic material is
reworked. Maturity of autochthonous material (i.e., primary vitrinite) falls in the range of 0.3 to 0.6% ‰ Carbohy-
drate, hydrocarbon, and microscopic investigations reveal moderate to high microbial degradation. Unlike deep-basin
black shales of the South and North Atlantic, organic-carbon-rich members of the Hatteras Formation lack trace metal
enrichment. Dissolved organic carbon (DOC) in interstitial water samples ranges from 34.4 ppm in a sandstone sample
to 126.2 ppm in an organic-matter-rich carbonaceous claystone sample. One to two percent of DOC is carbohydrate-
carbon.

INTRODUCTION

During DSDP Leg 93, Mesozoic and Cenozoic sedi-
ments were drilled to a total depth of 1576 m at Site 603
on the continental rise off Cape Hatteras on the U.S.
east coast. The sedimentary units recognized generally
correlate well with lithologic units encountered during
previous drilling in the area and are in good agreement
with the subdivisions given in Jansa et al. (1979) for the
entire western and eastern central Atlantic Ocean (Fig. 1).

The discovery of a Lower Cretaceous turbiditic fan
complex incorporating organic-carbon-rich calcareous tur-
bidites of shelf or upper slope origin (Meyers, in press),
which are superimposed on a generally pelagic sedimen-
tary facies (Wise et al., in press), assumes importance
with regard to the black shale deposits encountered in
most deep basins of the Atlantic Ocean (Dean et al.,
1984). In a recent study (Degens et al., in press) we dis-
cussed characteristic geochemical and facies features of
organic-matter-rich sediments laid down in different de-
pocenters of the Atlantic during middle Cretaceous time.
We proposed a model to relate shelf, upper slope, and
intracratonic black shale sedimentation to the contem-
poraneous occurrence of deep-basin black shale strata.
It was concluded that during a specific stage of tectonic
evolution of a passive margin, anoxic basins evolve on
the edge of the continent. These basins—graben and half-

1 van Hinte, J. E., Wise, S. W., Jr., et al., Init. Repts. DSDP, 93: Washington (U.S.
Govt. Printing Office).
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graben structures generated from crustal stretching (Le
Pichon and Sibuet, 1981)—are sediment sources for tur-
biditic events during tectonically unstable periods or re-
gressions. Primarily pelagic or hemipelagic sedimenta-
tion in basins and on the lower continental rise is dis-
rupted by the input of allochthonous, organic-matter-rich
material which exhibits specific geochemical and facies
properties related to the primary sedimentary regime up-
slope. One of the cases studied during this attempt to
model black shale deposition in different compartments
of the continental margin was the sedimentary column
drilled at Site 603 during Leg 93. In this chapter, we pre-
sent mineralogical and geochemical data from all litho-
logical units of Holes 603 and 603B. Our main emphasis
is placed on the characterization of organic material in
both sediments and interstitial waters. For a discussion
of these properties in relation to black shale deposition
in deep basins, see Degens et al. (in press).

MATERIALS AND METHODS

Samples used in this study are listed in Table 1. Lithologic descrip-
tions were adopted from shipboard core descriptions by the Leg 93
shipboard party and, if necessary, modified after visual inspection of
samples.

Ground and homogenized sample splits of sediments were subject-
ed to X-ray fluorescence spectroscopy for major- and trace-element
composition, and to X-ray diffraction of bulk sediment to monitor
mineralogical fluctuations, applying a manual version of the method
described by Cook et al. (1975). Total carbon and organic nitrogen
(Norg) were analyzed with a Carlo Erba Elemental Analyzer. CaCO3

content was measured with a Casumat Model 6 CO2 Analyzer, liberat-
ing CO2 with O.I./VH3PO4. Difference of total carbon and carbonate
carbon was computed as organic carbon (Corg). Subsamples of some
ground samples were used to prepare kerogen extracts for microscopic
investigation of organic matter, its vitrinite reflectance and fluores-
cence properties. Kerogen was imbedded in epoxy, polished, and mea-
sured according to the procedures described in Teichmüller (1982) and
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Figure 1. Site 603 core summary.
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Table 1. Samples used in this chapter.

Hole/Unit

603

IA

IB

603B
IC

II

IIIA

IIIB

IVA

IVC

VA

VB

Note: OM

Core-Section
(level in cm)

9-3, 140
12-2, 140
14-3, 140
16-4, 140

20-4, 140
26-1, 20
26-4, 140
30-4, 70
31-1, 140
36-3, 140
39-1, 140
40-4, 60

44-3, 140
44-4, 40
48-1, 60
52-2, 130
52-4, 140
5-3, 50
6-4, 140
10-3, 140
11-2, 70
13-1, 140

18-3, 140

23-1, 140

28-2, 140

34-4, 140
36-3, 30

42-3, 30

49-4, 140
52-5, 140
70-4, 140
75-2, 140

80-1, 140

= organic matter.

Sub-bottom
depth
(m)

222.6
269.1
318.6
368.1

454.5
554.4
560.1
588.2
594.0
645.0
670.8
684.1

720.8
722.3
756.4
797.0
800.1
824.9
836.9
902.6
909.9
938.1

990.0

1031.0

1076.1

1133.4
1148.8

1200.5

1268.3
1298.6
1465.6
1504.8

1555.1

Lithology

Quartz + mica + nannofossil-bearing clay
Mica-bearing silt-rich claystone
Mica-rich claystone
Siderite+ nannofossil-bearing claystone

Mica-bearing claystone
Mica-rich claystone
Mica-rich claystone
Mica-rich claystone
Mica + quartz-bearing silty claystone
Mica-bearing silty claystone
Mica-rich silty claystone
Quartz + mica-bearing silty claystone

Quartz + pyrite + mica-bearing silty claystone
Quartz + pyrite + mica-bearing silty claystone
Quartz-bearing silty claystone
Biogenic silica + mica-bearing claystone
Biogenic silica + mica-bearing claystone
Quartz + mica-bearing silt-rich claystone
Mica-bearing claystone
Silt-bearing claystone
Mica-bearing claystone
Silt-bearing claystone

Radiolarian-bearing claystone

Mica+ glauconite-rich quartz sandstone

Silt-bearing claystone

Silt + mica-rich claystone
OM-bearing mica-rich claystone

Mica-bearing OM-rich claystone

OM-bearing nannofossil limestone
OM-bearing nannofossil limestone
OM-bearing calcareous claystone
OM-bearing calcareous claystone

Nannofossil limestone

Ottenjann (1982), using an automated Zeiss analytical microscope.
Samples of sediment and interstitial waters were analyzed for carbohy-
drates (CH) employing the technique described in Mopper (1978). Dis-
solved organic carbon (DOC) in the interstitial water was measured
with a UV oxidation technique. Hydrocarbons (HC) were extracted
from ground samples by ultrasonic treatment using toluene/methanol
(3:1). The extracts were purified by liquid chromatography and the hy-
drocarbon compositions determined by gas chromatography and mass
spectroscopy (GC-MS).

GENERAL RESULTS

Inorganic Geochemistry

Continuous input of terrigenous clay materials to the
lower continental rise throughout the Mesozoic and Ce-
nozoic has produced the uniform lithological pattern of
claystones and mudstones drilled at Site 603. The uni-
formity of sedimentary deposition has resulted in a rath-
er restricted range of both major- and trace-element con-
centrations in the samples examined in this study. Most of
the samples are described as claystones and vary only in
the amount and nature of accessory minerals. As a con-
sequence, there is little variation in the amounts of ma-
jor-element oxides and lithophilic trace elements such as
A12O3, K2O, SiO2, TiO2, Rb, Zr, etc., throughout the
Lithologic column (see Table 2). Major fluctuations ap-
pear to be related to variations in the input of carbonate
and associated Sr and to postdepositional preservation
or dissolution of carbonates and possibly opal. In the
first set of rows of Table 3, giving means and standard
deviations of chemical analyses for samples of Hole 603,

the ratios of means/standard deviations exceed a critical
value of 0.2 only in the cases of CaO and Sr. With the
shallow cores of Hole 603B, variability increases, as ex-
pressed by the standard deviations. Most notable are vari-
ations in SiO2, CaO, and the residual trace elements Zr,
V, and Cu.

Mineralogy

Figure 2 summarizes the mineralogical data obtained
by X-ray diffraction study of bulk samples. In Units IA
and IB, there is little variation in detrital minerals such
as quartz, minor feldspars, and the clay minerals illite
and kaolinite. In contrast, samples older than middle
Miocene show considerable variation in mineralogy, re-
flecting the impact of changing source areas or different
mechanisms of sedimentation. In these older strata, the
clay mineral smectite, considered the dominant pelagic
clay mineral in the western North Atlantic basin (Cham-
ley et al., 1983), is diluted by detrital illite and kaolinite.
Because we did not separate size classes, this may reflect
the input of relatively larger clay particles (illite and ka-
olinite) in the turbiditic processes prevailing throughout
the Mesozoic. Increases in illite and kaolinite are associ-
ated with an increase in quartz and feldspars. In sam-
ples of Unit V, carbonates are the predominant mineral
species. The clay mineral associations of Subunit VA dis-
play characteristics similar to the younger sediments,
where the detrital clay minerals illite and kaolinite dilute
background sedimentation of smectite. Sample 6O3B-3O-1,
140-150 cm from Subunit VB contains only smectite.
The presence of over 40% cristobalite in Sample 603B-
18-3, 140-150 cm probably results from the transforma-
tion of radiolarian opal, which was converted to cristo-
balite during compression of sediment to obtain pore
water in the laboratory.

Organic Geochemistry

The organic carbon content in sediments of Late Cre-
taceous and younger age is generally in the range typical
for hemipelagic clays, that is, 0.1-0.5% Corg. The C/N
weight ratios are below 8, corresponding to the ratio of
fresh marine material (Redfield et al., 1963). Such low
C/N ratios may result from adsorption of nitrogen com-
pounds on clay (Müller, 1977). We encountered higher
Corg concentrations with C/N ratios of around 8 to 30
only in the carbonaceous claystones of the Hatteras For-
mation. Carbohydrate analyses show that only a minor
amount, less than 1.4% of the particulate organic frac-
tion, is present as polysaccharides. Most sugar spectra
of uniform sediments of Miocene age (Hole 603) are
dominated by arabinose and glucose. In older sediments
of variable lithologies (Hole 603B samples), glucose is
the only dominant individual sugar in some samples,
whereas in others, xylose, galactose, and mannose are
equivalent in terms of molar percentages (Table 4). Young
samples contain up to 70 µg of sugars per g sediment
(Sample 603-9-3, 140 cm at 222.6 m). Sample 603B-36-3,
30 cm, a carbonaceous claystone, was found to be rich
in organic carbon, but contained a minimum value (4
µg/g) for sugars. As expected, total amounts of sugars
are quite low and approach the detection limit of our in-
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Table 2A. Chemical analyses, Hole 603.

Na2O
MgO

A12O3

SiO2

P 2 O 5

SO 3

K7O
CaO

TiO2

Fe2O3

LOIa

Total

ctotal
Corg
Norg
CaCO3

Rb
Y
Sr
Zr

9-3

1.55
2.52

14.72
50.40
0.14
0.95
2.69
3.84
0.71
7.88

15.89

101.28

1.29
0.21
0.09
7.59

119
13

217
127

12-2

1.48
2.59

16.32
53.93
0.14
2.34
2.94
0.90
0.77
7.76

12.54

101.72

0.61
0.38
0.09
1.64

129
12

134
131

14-3

1.48
2.62

16.61
55.56
0.16
0.43
2.88
1.01
0.76
6.42

10.61

98.55

0.65
0.42
0.08
1.64

121
18

133
133

16-4

1.17
2.48

14.69
47.73

0.15
0.43
2.63
6.21
0.67
6.99

14.56

97.72

2.01
0.00
0.10

14.03

119
12

292

113

20-4

1.21
2.35

17.44
55.47
0.12
0.44
3.07
0.56
0.80
6.84
9.52

97.82

0.58
0.38
0.09
1.43

134
9

113
132

26-1

1.46
2.44

16.90
56.30
0.11
0.30
2.74
0.57
0.79
6.51
9.90

98.02

0.46
0.36
0.09
0.69

127

15
113
130

26-4

1.39
2.43

16.38
57.31
0.12
0.53
2.75
0.66
0.77
6.47

10.21

99.02

0.46
0.30
0.10
1.09

125
18

110
137

30-4

1.30
2.32

16.39
56.27

0.11
0.82
2.80
0.69
0.79
6.65

10.96

99.10

0.67
0.46
0.09
1.48

132
18

121
145

31-1

1.24
2.18

16.58
58.09
0.10
0.90
2.76
0.56
0.78
6.26
9.71

99.16

0.53
0.24
0.09
2.05

117
13

113
169

36-3

1.24
2.29

16.94
54.91
0.10
0.48
2.83
1.43
0.75
6.56

10.70

98.23

0.85
0.32
0.09
3.68

130
13

137
128

39-1

1.30
2.71

16.40
56.40

0.14
0.72
2.65
0.52
0.75
6.34

10.40

97.98

0.57
0.36
0.09
1.37

123
14

108
140

40-4

1.11
2.41

15.56
56.12
0.16
1.64
2.59
0.82
0.75
6.88

10.29

98.33

0.74
0.30
0.12

3.09

111
18

108
147

44-3

1.08
2.35

14.26
60.57

0.20
1.08
2.26
0.71
0.66
5.25

10.65

99.06

0.98
0.80
0.09
1.93

106
16

113
134

44-4

1.16
2.35

15.80
57.53
0.10
1.30
2.46
0.49
0.77
6.32

10.33

98.62

0.57
0.30
0.10
1.27

113
10
97

125

48-1

1.03
2.50

15.22
58.32
0.19
0.64
2.42
0.80
0.72
5.80

10.93

98.58

0.85
0.59
0.09
1.85

116
16

114
129

52-2

1.04
2.51

14.04
58.52
0.18
1.21
2.15
1.10
0.66
5.79

12.21

99.40

1.07
0.67
0.08
2.81

106
20

121
130

52-4

1.17
2.50

15.88
57.22

0.12
1.36
2.47
0.59
0.75
6.51

11.86

100.42

0.66
0.39
0.04
1.92

114
10
95

120

Note: Sample numbers are cores and sections only. For sub-bottom depths see Table 1. Except for Rb, Y, Sr, and Zr (ppm), all values are weight percentages of bulk sample. C o r g and
Norg w e r e determined on carbonate-free residue after HC1 leaching.

a LOI = Weight loss on ignition at 950cC.

Table 2B. Chemical analyses, Hole 6O3B.

Na2O
MgO
A12O3

SiO2

P2θ5
SO3

K2O
CaO
TiO2

Fe2O3

LOIa

5-3

2.11
2.70

12.04
40.65

0.16
0.88
2.74

14.29
0.60
5.36

17.34

6-4

2.51
1.26

12.79
68.21

0.10
0.55
2.61
1.58
0.82
3.96
5.19

10-3

1.21
2.44

15.00
60.82

0.14
0.43
2.21
0.59
0.68
5.08

10.12

11-2

1.06
2.45

15.72
58.18

0.12
0.94
2.26
1.48
0.70
5.34

10.64

13-1

1.30
2.26

13.77
62.45

0.17
0.66
2.07
0.67
0.68
5.05
9.39

18-3

1.15
1.88

15.18
60.97

0.17
0.00
2.25
0.50
0.65
5.25
9.88

23-1

0.63
0.44
5.56

84.78
0.14
0.00
2.44
0.32
0.80
1.72
1.64

28-2

0.97
1.81

19.20
55.27

0.06
0.00
2.45
0.35
0.89
6.54

11.1

34-4

1.29
1.87

16.52
59.59

0.08
0.02
2.19
0.52
0.86
5.75
9.67

36-3

1.57
1.06
9.73

64.36
0.13
3.01
1.91
0.50
0.46
3.30

14.72

42-3

1.25
2.52

14.47
54.45

0.14
0.97
2.33
0.96
0.71
6.76

13.76

49-4

0.32
1.07
5.39

16.09
0.08
1.39
1.07

36.54
0.25
2.41

34.78

52-5

0.57
1.29
5.90

19.19
0.09
2.19
0.98

34.21
0.26
2.97

31.86

75-2

0.93
1.83

17.09
43.72

0.05
1.51
2.26

10.24
0.72
5.82

17.09

80-1

0.00
1.01
3.63

12.74
0.06
0.72
0.61

40.64
0.16
1.76

36.17

Total 98.72 99.56 98.72

CaCO3 25.36 2.01 1.04

98.88

2.54

98.46 97.83 98.42 98.56 98.37 100.72 98.30 99.40 99.52 101.27

1.65 0.17 0.23 0.29 0.29 0.41 3.71 75.74 63.02 19.15

97.43

72.38

Mn

Ctotal
org

Norg

Ba
V
Cr
Sc
La
Ce
Nd
Ni
Cu
Zn
Rb
Y
Sr
Zr

0.16
3.21
0.10
0.07

551
131
71
24
15
57
25
47
72
89

104
17

589
75

0.05
0.36
0.36
0.07

506
76
57

2

16
95
29
44
16
64
87
47

197
325

0.16
0.43
0.28
0.10

398
175
102
20
36
79
26
54
77
99

106
5

106
107

0.07
0.94
0.58
0.10

380
156
102
21
31
64
29
69
75

111
110

14
136
116

0.10
0.60
0.37
0.08

441
158
95
14
25
83
32
59
74
99
94
11

108
139

0.07
0.15
0.13
0.07

331
113
174
21
31
87
34

103
729
112
116

17
133
94

0.03
0.04
0.10
0.01

349
31
69

5
41

106
50
13
8

23
81
69
61

914

0.06
0.14
0.10
0.04

324
129
118
23
16

120
36
37
48
92

131
9

136
132

0.03
0.21
0.17
0.03

394
95
93
23
20
72
41
55

287
78

118
16

197
157

0.02
1.67
1.61
0.08

408
162
124
21
27
71
39
56
46
91

111
20

194
123

0.80
3.71
3.18
0.11

374
231
150

14
23
76
44
67

230
163
116
22

219
104

0.10
10.32
0.50
0.11

116
93
60
43

8
38

4
42

107
137
48
35

581
37

0.04
8.69
0.10
0.06

113
104
41
43

4
35

6
41

129
95
50

33
650

30

0.04
3.06
0.32
0.04

339
109
86
21

9
40
14
80
62
90

124
8

391
80

0.23
9.99
0.10
0.12

17
25
18
46

3
13
7

29
57
38
24
21

601
10

Note: Sample numbers are cores and sections only. For sub-bottom depths see Table 1. Trace elements Ba through Zr are given in ppm, all others in weight percent-
ages.

a LOI = Loss on ignition at 950° C.

strument. However, duplicate analyses revealed good re-
producibility in both relative and absolute abundances.
(Data for hydrocarbon analyses of sediment extracts are
given later in Table 8 and Figure 7.)

The DOC values for pore waters are given in Table 5.
Highest values are present in the organic-matter-rich car-

bonaceous clay stones; the lowest value is recorded in a
quartz sandstone member of Unit IIIA (Upper Creta-
ceous). Carbohydrates in the interstitial waters of Mio-
cene claystones are dominated by glucose, fructose, and
arabinose. In pore waters of older sediments, contribu-
tions of galactose, mannose, and xylose increase. About
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Table 3. Means and standard deviations for main and trace elements
of sediments from Holes 603 and 603B.

Oxides (%)

Na2O
MgO
A12O3

SiO2

P2O5

SO3

K2O
CaO
TiO2

Fe2O3

Mean

1.26
2.44

15.89
55.92
0.14
0.92
2.65
1.26
0.74
6.54

Elements (ppm)

Rb
Y
Sr
Zr
Ba
V
Cr
La
Ce
Nd
Ni
Cu
Zn

120
14

132
134
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

Hole 603 (N = 16)

S.D.

0.16
0.13
1.00
3.05
0.03
0.53
0.24
1.50
0.05
0.65

9
3

49
12
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

Max.

1.55
2.59

17.44
60.57
0.20
2.34
3.07
3.84
0.80
7.88

134
18

217
169

Min.

1.03
2.18

14.04
47.73
0.10
0.30
2.15
0.49
0.66
5.25

106
9

95
113

Mean

1.14
1.69

12.07
49.35

0.13
1.19
1.95

10.59
0.60
4.39

90
21

313
148
386
151
87
20
64
26
56

132
98

Hole 6O3B (N = 17)

S.D.

0.59
0.67
5.25

20.51
0.11
0.88
0.67

15.51
0.25
1.74

33
16

194
210
329
160
42
12
31
15
28

170
53

Max.

2.51
2.70

19.20
84.78
0.17
3.01
2.74

40.64
0.89
6.76

131
69

650
914
551
231
150
41

120
50

103
729
163

Min.

0.00
0.44
3.63

12.74
0.05
0.00
0.61
0.32
0.16
1.72

24
5

61
10
17
25
18
3

13
4

13
8

23

Note: n.d. = not determined. S.D. = standard deviation.

1-2% of the DOC is accounted for by carbohydrates
(see Table 6).

Petrography of Particulate Carbon Compounds

Seven kerogen samples were analyzed for their mac-
eral composition and maturity by vitrinite reflectance de-
terminations. They represent lithologies from Hole 603B
and encompass claystones, carbonaceous mud turbidites,
and limestones. In all samples, macerals of the liptinite
group, that is, material of marine origin, are the most
abundant, with bituminite dominating (Fig. 3). The term
bituminite is used here to include all amorphous materi-
al that is gray to reddish brown in color in reflected light
and shows weak to moderate, grayish to orange fluo-
rescence when excited with light of 365 nm wavelength.
Bituminite, which is usually subdivided into several sub-
categories (see Teichmüller and Ottenjann, 1977), is be-
lieved to originate from microbial degradation of main-
ly algal material or to be the remains of the bacteria
themselves. It usually contains large amounts of fram-
boidal pyrite. Under the light microscope with high mag-
nification, bituminite assumes a grainy texture, with bits
of algal substances visible. It is also referred to as kero-
gen I (Gutjahr, 1980) and is a precursor of oil. Present
in notable amounts were also alginite (bodies, colonies,
or detritus of marine algae, which are sometimes lami-
nated, clustered, or aggregated and exhibit vivid yellow
to brown fluorescence) and macerals derived from land
plants. These include vitrinites showing variable reflec-
tance and texture that indicate recycling and redeposition
after thermal diagenesis in a different depositional re-
gime, and inertinite material of very high reflectance and
maturity. In samples of the turbiditic Hatteras Forma-
tion, these land-derived materials accounted for up to
40% of the kerogen samples, whereas they were almost

absent in marine, autochthonous claystones and lime-
stones of Cenozoic and Mesozoic strata. Reflectance mea-
surements of vitrinite resulted in wide ranges of RQ val-
ues (Table 7).

DISCUSSION

Inorganic Geochemistry

We performed cluster analysis with the data pool of
Table 2 in order to establish the degree of interrelation
between certain elements and oxides. Figure 4 shows the
resulting dendrogram. Parameters are grouped with as-
cending correlation along the X-axis. The close relation-
ship of (1) oxides forming sheet silicates such as smec-
tite, illite, and kaolinite (Na2O, SiO2, K2O, MgO, A12O3,
and Fe2O3, including the lithophilic element Rb and TiO^
is easily recognized. Other groups significant on the 5°7o
level (for N = 32 samples, the significant value of the
correlation coefficient is higher than 0.3494, after Uber-
la, 1977) are: (2) Corg and SO3; and (3) the carbonate-
dominated group CaO, Sr, and Mn (including other ex-
pressions of carbonate content like loss on ignition, to-
tal C, or CaCO3). Of other groups considered, (4) Y and
Zr are indicators of terrestrially derived heavy minerals
present in the samples. Finally, (5) we interpret the clus-
ter including most trace elements (Ba, V, Ni, Zn, Cr, Ce,
La, Cu) as a residual group of elements.

Pelagic or hemipelagic claystones of average compo-
sition when compared to standard clay are diluted with
sporadic inputs of carbonaceous material in Lower and
middle Cretaceous sediments. The trace elements V, Ni,
Zn, Cu, and the rare earth elements are not enriched in
sulfides, clays, or carbonates. The trace elements corre-
late significantly with Ba, enrichment in which is be-
lieved to indicate times of nondeposition or sediment
starvation (Brumsack, pers. comm., 1984).

This resemblance may be interpreted in two ways. One
is to assume diagenetic effects: remobilization in the un-
compacted sediments as a result of a changing pH/Eh
regime and migration in pore waters with subsequent en-
richment at the sediment/water interface (Graybeal and
Heath, 1984). Another, more speculative assumption
(which cannot be tested with our results because of the
inadequate analytical techniques employed for phospho-
rus determination), is that apatite is frequently associ-
ated with diagenetically precipitated barium sulfate in
many deep-sea sediments (e.g., Leg 75, Angola Basin;
Emeis, 1985). Apatite- and barium-rich strata may be
sinks of many trace elements (Wedepohl, 1978). In a
study of pelagic and hydrothermally influenced sediments,
Leinen and Pisias (1983) employed normative and statis-
tical methods to discriminate between different sources
for a sedimentary unit. They found interelement corre-
lations similar to our results from cluster analysis. They
labeled the cluster of elements embracing Ba, V, Cr, Ni,
Cu and the rare earth elements as "residual" and argued
that these elements will be enriched as dissolution prod-
ucts of biogenic opaline and carbonate material. This is
in agreement with our observations, because these ele-
ments behave independently of either carbonate, detri-
tal, or organic parameters. In the carbonate-rich turbi-
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Core-Section
(level in cm)

Bulk minerals Clay minerals

i i i i i i

Unit

IA

IB

IC

I I I A

I I I B

IVA

1VB

VA

VB

Chlorite

Illite/Muscovite

Smectite

Kaolinite

Quartz

Calcite

-_-_-_-_- Clay minerals

K >10%
KK >30%

A Apatite
Cr Cristobalite

(radiolarian opal)
Others ^ K K-Feldspar

P Pyrite
PL Plagioclase

Figure 2. Relative composition of mineral assemblages in sediments drilled at Site 603 (X-ray diffraction of bulk
sample). For sample depths and lithologies, see Table 1.
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Table 4. Distribution of carbohydrates in sediments from Holes 603 and 603B.

Rha
Rib
Man
Fru
Ara
Fuc
Gal
Xvl
Glc

Total

9-3

6.1
16.3
13.3
5.2

21.3
0.0

14.1
12.5
11.2

70.8

26-1

0.0
0.0
7.0
7.5

44.3
0.0
0.0
1.5

39.7

9.5

Hole 603

26-4

1.7
2.1
2.7
5.0

17.8
2.0
2.8
3.6

62.3

23.5

39-1

0.0
0.0
6.2
9.1

20.1
0.0
3.3
7.2

54.2

17.1

40-4

1.9
7.9
4.1

12.2
8.3
0.0
1.7
4.1

59.9

20.9

6-4

11.7
3.3
9.8
4.0
7.5

10.2
17.8
19.2
16.5

48.7

10-3

0.0
0.0
5.1

12.1
6.1
1.1
4.3

12.1
59.2

10.7

13-1

0.0
0.0
0.0

28.1
3.4
0.0
3.8
7.1

57.6

25.8

Hole 603B

23-1

0.0
0.0

11.6
23.8
6.0
4.4
6.1
7.9

40.2

14.0

34-4

0.0
0.0

14.8
3.0
7.7
2.4

19.5
9.6

43.0

61.0

36-3

0.3
0.3
9.7
8.6
8.7
2.0

14.2
11.6
44.7

4.4

42-3

0.0
0.0
0.0

35.7
11.9
0.0
3.4
2.2

46.8

10.1

52-5

0.0
0.0
1.9

11.2
8.1
0.0
6.3

13.1
59.4

7.0

Note: Sample numbers are cores and sections only. For sub-bottom depths see Table 1. Individual sugars are
given in mol Vo; total CH are given in µg/g sediment. Rha = Rhamnose, Rib = Ribose, Man = Man-
nose, Fru = Fructose, Ara = Arabinose, Fuc = Fucose, Gal = Galactose, Xyl = Xylose, Glc = Glu-
cose.

Table 5. Interstitial water samples and dissolved
organic carbon (DOC) in interstitial water
samples.

Table 6

Sample

Man
Fru
Ara
Fuc
Gal
Xyl
Glc

Total

Sample no.
(level in cm)

Hole 603

9-3, 140
12-2, 140
14-3, 140
20-4, 140
31-1, 140
36-3, 140
39-1, 140
44-3, 140
52-4, 140

Hole 603B

13-1, 140
18-3, 140
23-1, 140
28-2, 140
64-4, 140

Sub-bottom
depth

(m)

222.6
269.1
318.6
454.5
594.0
645.0
670.8
720.8
800.1

938.1
990.0

1031.0
1076.1
1411.6

DOC C
(ppm)

74.1
84.2
87.8
78.0
72.7
47.8
49.7
54.6
61.2

57.4
55.5
34.4

112.8
126.2

org W
(sed.)

0.21
0.38
0.42
0.38
0.24
0.32
0.36
0.80
0.39

0.37
0.13
0.10
0.10
n.d.

. Distribution of carbohydrates in interstitial water.

Hole 603

31-1 36-3

1.7 2.6
32.4 39.2
35.2 41.4
0.0 0.0
0.1 2.9
0.7 2.0

29.9 11.8

1.1 0.8

13-1 18-1

10.6 12.0
13.1 12.0
25.1 18.8
0.0 4.4
8.7 6.7
7.4 16.2

35.0 29.9

2.5 2.5

Hole 603B

23-1 28-2

5.2 2.7
18.5 19.9
21.2 35.2
0.4 0.0

15.7 3.1
0.7 5.4

38.3 33.6

2.6 2.5

49-4

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.a

2.3a

70-4

9.5
19.5
14.5
0.1
7.2

11.0
38.2

3.8

Note: Samples are cores and sections only. For sub-bottom depths see
Table 1. Individual CH are given in mol<Vo; total CH is given in µg/
ml interstitial water. Symbols as in Table 4.

a Only glucose was detected in the sample.

ditic material, these elements may be transported with
remains of algae or in the carbonate fraction. Under
conditions of carbonate and opal undersaturation in deep
water, some of this material will be dissolved; trace ele-
ments will be transported toward the sediment/water in-

terface with the pore water and will be precipitated and
enriched at appropriate geochemical interfaces.

Organic Geochemistry

DOC

From a plot of DOC and Corg in the corresponding
sediment versus depth (Fig. 5) it appears that lithologies
and the organic matter contained in the sediments deter-
mine DOC concentrations in interstitial waters. Three
discrete regimes of DOC in pore waters become appar-
ent in Figure 5. The organic-matter-rich samples of mid-
dle Cretaceous turbidite sequences exhibit high values.
DOC concentrations decrease abruptly by 50% within
several meters of the sediment at the lithologic change
to claystones low in organic matter. The concentrations
stay uniformly low for about 200 m. Then, without any
obvious lithological or chemical change, a distinct ele-
vation of DOC content is recorded in Subunit IB and
steadily increases to the youngest samples. We interpret
the shape of this curve as an indication that migration
or diffusion of DOC away from its kerogen source with
pore waters will not level out the differences in DOC
generated by adjacent sediments. This implies that even
in Mesozoic sediments the rate of DOC production from
kerogen is higher than loss of DOC by diffusion/mi-
gration. Exclusion of high values for the organic-car-
bon-rich strata from a computation of the regression of
DOC versus depth yields a correlation coefficient of
- 0.8194, which is significant at the 1% error level. This
regression line is described by equation 1:

= "0.048 × rdepth + 93.64 (1)

The DOC concentration in pore waters decreases by
0.05 ppm per meter of burial (uncorrected for compac-
tion). The DOC concentrations extrapolated for the sed-
iment/water interface would be 94 ppm, which is not al-
together unrealistic.

Carbohydrates

Indicators for input of marine or terrestrial organ-
ic matter are hydrocarbons, carbohydrates, and maceral
groups derived from land plants. In recent sediments,
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Figure 3. Results of vitrinite reflectance measurements and maceral composition of kerogen extracts. For sample depths and lithologies, see
Table 1.

carbohydrates (CH) and proteinaceous material are the
dominant constituents of organic matter. Both may ac-
count for up to 10% of the nonkerogenous C o r g (Tanoue
and Handa, 1979; Degens et al., 1980). The range of
CH-carbon contribution to C o r g in sediments of Holes
603 and 603B never exceeds 1.4%, a fact that has been
observed in other studies (Michaelis et al., 1982; Mycke

et al., 1986). Consequently, the fresh material contain-
ing carbohydrates must be rather labile and is altered or
consumed in diagenetic processes during burial.

Three possible reasons for the decay of polysaccha-
rides are conceivable: (1) microbial consumption, (2) re-
lease of carbohydrates to the dissolved organic carbon
pool of the interstitial water, and (3) incorporation into
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Table 7. Means and standard deviations of vitrinite reflectance,
Hole 603B.

Core-Section
(level in cm)

10-3, 140
13-1, 140
36-3, 30
36-3, 40
42-3, 30
75-2, 140
80-1, 140

Sub-bottom
depth
(m)

902.6
938.1

1148.7
1148.8
1200.5
1504.8
1555.1

Mean Rojj

0.63
0.51
0.58
0.70
0.59
0.59
0.63

S.D.

0.23
0.18
0.19
0.29
0.27
0.25
0.21

Variation
(*)

36
36
32
41
46
43
33

N a

38
15,
30 b

30
48
32
16

N = number of measuring points.
1 Sample 6O3B-36-3, 40 cm is a claystone subsample low in C o r g > from
6O3B-36-3, 30-40 cm.

-0.2 0.2 0.4 0.6

Correlation coefficient

0.8 1.0

Figure 4. Dendrogram of cluster analysis for 33 sediment samples of
Holes 603 and 603B. Given along the X-axis are correlation coeffi-
cients of parameter pairs.

the humic or kerogen fractions. One of the mechanisms
which preserves carbohydrates by preventing their mi-
crobial degradation in the uppermost sediment layers is
adsorption on charged clay mineral surfaces by hydro-
gen bonding or incorporation of functional groups in-
to clay mineral interlayers (Lynch et al., 1956). No de-
crease of either total carbohydrates or their contribution
to C o r g can be observed in sediments of Holes 603 and
603 B (Table 4). Since the youngest sample is of Miocene
age and was drilled at 222 m sub-bottom, we can as-
sume that early diagenetic reactions have ceased, leaving
residual material behind.

Variability in the distribution and abundance of this
residual material must, then, have reasons other than
diagenesis. Those samples where CH-carbon of C o r g ac-
counted for more than 0.6% revealed typically marine-

100

DOC (mg/l)
Corg < ^ f l >

200

200

400

£ 600

800

^ 1000

1200

1400

π 1 1 r
300

—i r

• DOC
i > i i

Figure 5. Dissolved organic carbon (DOC) in interstitial waters and
corresponding C o r g values in the sediment samples. DOC is given
in mg/l interstitial water, C o r g is given in mg/g sediment.

derived sugar spectra. These are composed of galactose,
xylose, glucose, and mannose. Samples of purely ma-
rine detritus sampled by sediment traps (Ittekkot, De-
gens, et al., 1984; Ittekot, Deuser, et al., 1984) and Re-
cent marine sediment samples (Degens et al., 1980) dis-
play a similar pattern in carbohydrate composition to
sediments recovered at 220 m, 837 m, and 1133 m at Site
603. Sugar spectra indicate a dominant input and pres-
ervation of cell walls derived from marine plankton. These
cell walls consist of heteropolysaccharides built by the
monomeric sugars galactose, xylose, mannose, and rham-
nose (Percival, 1979). In Figure 6, we plot total carbohy-
drates against depth, and to illustrate the absolute con-
tributions of "marine" sugars, the shaded area gives the
amount of galactose, xylose, mannose, and rhamnose.
Arabinose, another important constituent of cell walls
of marine algal heteropolysaccharides, is excluded from
this plot, because of the unusual enrichment of this sug-
ar observed in samples of Hole 603. This extraordinary
enrichment cannot be explained by input of algal mate-
rial alone. We assume that contributions of "marine"
sugars exceeding 40% in Figure 6 indicate a typically
marine origin of the corresponding organic matter.

Although our data are rather thinly distributed along
the 1300 m of sedimentary column, a conspicuous cy-
clicity becomes apparent. Three cycles start with marine
and end with terrestrial fingerprints (200-700 m, 700-
1000 m, and 1000-1300 m). "Terrestrial" spectra are char-
acterized by the absence of "marine" sugars and con-
tain relatively more glucose and arabinose (Hole 603),
or glucose and fructose (Hole 603B). High relative
amounts of glucose are expected from cellulose-rich or-
ganic matter from higher land plants and dominate sug-
ar spectra when input is mainly terrestrial. High con-
tents of fructose and glucose have been recognized in
acid-hydrolizable extracts from continental and marine
humic material (Spitzy, unpubl. data).
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Table 8. Characteristics of hydrocarbon extracts, Site 603.
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Figure 6. Concentrations of total sugars in the sediment versus depth.
Shaded area gives the contribution of the "marine" carbohydrates
galactose, xylose, mannose, and rhamnose to total sugars. Carbon
preference indexes (CPI) from hydrocarbon extracts are given for
some samples.

Hydrocarbons

To corroborate these interpretations, we added car-
bon preference indexes (CPI) for H-alkanes computed
after Philippi (1965) in the plot to characterize lipid com-
position. Corg, Norg, and Rock-Eval studies given in the
Site 603 site chapter (this volume) indicate a period of
enhanced productivity in the Miocene. This coincides
with the first CH maximum at 830 m, whereas the sec-
ond CH maximum at 930 m reflects a productivity change
to conditions of poor preservation of organic matter.
For the third marine CH maximum in the region of 1050
to 1200, the zone of major black shale sedimentation,
Rock-Eval analyses of equivalent sediments drilled dur-
ing previous legs yielded high hydrogen indices (up to
600) representative of marine-derived organic matter
(Herbin and Deroo, 1982). This finding is in concor-
dance with the results of Deroo et al. (1980), who interpret
this phase of enhanced marine carbon preservation en-
countered in western North Atlantic sediments as an in-
dication of higher sedimentation rates.

Most samples analyzed for nonaromatic hydrocarbons
during this study yielded high amounts of /z-alkanes (Ta-
ble 8). Chain lengths of 27, 29, and 31 carbon atoms
predominate in all extracts, indicating a pronounced ter-
rigenous input. A sharp decrease in the odd-carbon-num-

Sub-bottom
depth
(m)

222
560
902

1133
1149
1200
1299

c
ore(%)

0.21
0.30
0.28
0.17
1.61
3.18
0.10

Extr. HC
(mg/100 g sed.)

n.d.
9.2

13.6
n.d.
122.2
329.0

10.0

mg extr./

ë c o r g

n.d.
31
49

n.d.
76

103
100

mgHc/
8 corg

4
1

n.d.
n.d.
27
11
6

Pr/
Ph

1.95
1.92
1.43
1.01
2.22
1.73
2.18

Pr/

Cl7

0.77
0.40
0.26
1.53
1.10
0.78
3.86

CPIa

5.33
6.25
4.71
2.07
3.02
1.59
2.00

Note: Extr. HC are extractable hydrocarbons in Tol/MeOH. Pr = Pristane, Ph = Phy-
tane. n.d. = no data.

a Carbon Preference Index, computed after Philippi (1965).

ber predominance of w-alkanes is recorded in extracts of
sediments below 1000 m. Two samples at 1133 m and
1299 m with low Corg contents yielded hydrocarbon spec-
tra nearly devoid of n-alkanes. Pristane, phytane, steranes,
and hopanes are the main constituents of the hydrocar-
bon fraction (see Fig. 7 and Table 9). The residual /r-al-
kane distribution is qualitatively similar to those of neigh-
boring sediments. This is interpreted as an indication of
microbial degradation.

The pronounced odd-carbon-number preference ob-
served in all samples, as reflected by CPI, is shown in
Figure 6 and Table 8. Pristane/phytane ratios always ex-
ceed 1, and mostly reach a value of 2. Following the ar-
guments of Didyk et al. (1978), this can be taken as an
indication of oxic conditions in the depositional waters
of the Mesozoic North Atlantic. Alternatively, microbi-
al activity may significantly alter this ratio, thus restrict-
ing the validity of this indicator for the paleoenviron-
ment. Pristane/C17 ratios did not provide information
about thermal evolution in these samples. The observed
scatter in depth profiles of this ratio is partly explained
by the biodegradation of «-alkanes, leading to increased
values. Furthermore, isoprenoid hydrocarbons are pref-
erentially released from kerogen because the bonds which
attach these molecules to the macromolecular organic
matter are relatively weak.

Jansa et al. (1979) suggested that "much of the cal-
careous and siliceous biogenic debris found locally with-
in the Hatteras Formation probably had intermediate res-
idence on shallow sea floor above the CCD (continental
margin, mid ocean ridge flank, seamounts), before be-
ing rapidly emplaced in the deep basin by turbidity cur-
rents." The phenomenon of drastically increasing sedi-
ment nondeposition or removal around mid-Cretaceous
time has been described by Ehrmann and Thiede (in press)
for the western and eastern basins of the North Atlan-
tic. Specific hiatus frequency of up to 45% was recorded
at paleodepths of 2000-3000 and 4000-5000 m. We may
assume that with a rather high position of the carbonate
compensation depth (CCD) during the interval dis-
cussed here (Sclater et al., 1979), the allochthonous ma-
terial encountered in mid-Cretaceous sediments is de-
rived from sedimentary basins along the shelf or upper
slope of the eastern North American margin.

The organic constituents of this material display char-
acteristics of organic matter encountered in recent shelf
and slope sediments (Premuzic, 1980). This material is a
recycled, biodegraded mixture of marine and terrestrial
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Figure 7. Organic geochemical analysis of a claystone sample (6O3B-36-3, 40 cm). For identification of the numbered peaks in Figures 7B, C, and D
refer to Table 9. A. Total ion chromatogram of the saturated hydrocarbon fraction separated from the total extract; /i-alkanes are marked by their
carbon numbers. B. selective ion current (SIC) of m/z 183 for the detection of acyclic isoprenoid hydrocarbons. C. SIC of m/z 217 for the detec-
tion of steroid hydrocarbons. D. SIC of m/z 191 for the detection of triterpenoid hydrocarbons. Scan is time measured in GC-MS runs.

Table 9. Compounds detected in hydrocarbon
extracts by GC-MS.

provenance. Intermittently, input of this material is sig-
nificant. Because of their Co r e content, maturity, and

Acyclic isoprenoids:

1
2
3

Steroids

4
5
6
7
8
9

Pristane
Phytane
C30 isoprenoid (unknown)

5/3 (H)-cholestane
5a (H)-cholestane
24-methyl-5/3 (H)-cholestane
24-methyl-5α (H)-cholestane
24-ethyl-5|3 (H)-cholestane
24-ethyl-5α (H)-cholestane

Hopanoids:

10
11
12
13
14
15
16
17
18
19
20
21

17α (H)-trisnorhopane
17/3 (H)-trisnorhopane
C30 triterpane (unknown: m/z 414)
17α (H)-norhopane
normoretane
17α (H)-hopane
170 (H)-norhopane ( +minor moretane)
17α (H)-homohopane
17/3 (H)-hopane ( +minor homomoretane)
17/3 (H)-homohopane
17/3 (H)-bishomohopane
17/3 (H)-trishomohopane

org

kerogen composition, these strata may well be interest-
ing source rocks for hydrocarbon exploration
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