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ABSTRACT

At Sites 548 and 550 of DSDP Leg 80 several condensed sedimentary sections contain various types of polymetallic
crusts. The relationships between mineralogic and geochemical data in the sections have been studied in the context of
the biostratigraphic and sédimentologie results. The diagenetic evolution during periods of low accumulation rate varies
according to depth and sedimentary environment. At Site 548 on the continental margin, the phosphatic and manganif-
erous crusts are similar to those related to upwelling influences before Late Cretaceous deposition. At Site 550 the upper
Paleocene cherts, deposited directly on oceanic crust, are overlain by pelagic brown clays containing diagenetic manga-
niferous concretions characterized by very high Sr and Ba contents. The origin of these small nodules is probably re-
lated to the authigenesis of fecal pellets. The upper Eocene indurated section is made up of authigenic zeolites, clays,
and Fe-Mn phases and is similar to the volcanic-sedimentary deposits described in deep basins and seamounts of the
Pacific. These crusts and a polynucleated nodule within the overlying sediments have geochemical characteristics (high
Ni, Co, and Cu contents) similar to those formed in the deep ocean under volcanic influences during periods of low sed-
imentation rates or sedimentary hiatuses.

Volcaniclastic material is ubiquitous and peculiarly abundant in Eocene sections and can be related to the volcanic
formation of Iceland in the North Atlantic.

INTRODUCTION

Among the objectives of Leg 80 was the reconstruc-
tion of the evolution of paleoenvironments at various
depths across a starved margin and on the adjacent oce-
anic crust during the synrift and postrift periods. The
Goban Spur transect, located on the northeastern At-
lantic margin off Cornwall, Britain, was chosen for this
purpose. Four sites (Figs. 1 and 2) were drilled at in-
creasing depths from the upper slope (Site 548, water
depth 1256 m) across the Pendragon Escarpment (Sites
549 and 551) to the depth of oceanic crust (Site 550, wa-
ter depth 4432 m). Sites 548 and 550 provide condensed
or shortened sections of various ages which are under-
lain by metalliferous crusts.

At the deepest Site 550, one of these peculiar levels is
composed of small manganiferous nodules agglomerat-
ed within brown clays of late Paleocene age. Another
1.5-m-thick layer dated as middle Eocene to late Oligo-
cene consists of several crusts made of indurated clayey
sediment rich in volcaniclastic material and of Mn ox-
ides (Plate 1). At the shallowest Site 548, a phosphatic
and partly manganiferous layer forms a 3-cm-thick crust
at the bottom of the upper Campanian chalk column.
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Figure 1. Location sketch map of Sites 548 and 550 on the northwest-
ern European continental margin. Other sites from Leg 80 (549,
551) and Leg 48 (400-402) are shown for reference.

Unfortunately, a 20-m interval is missing between the
base of the Upper Cretaceous sequence and the Hercyn-
ian basement, making the relationship between the crust
and the over- and underlying beds uncertain.

Studies on metalliferous crusts and concretions using
standard sédimentologie, mineralogic, and geochemical
methods help to establish the authigenic and diagenetic
processes of their formation. Comparisons with similar
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facies from the Pacific and Atlantic oceans and with
fossil equivalents from the Tethys Sea (now exposed in
the Alps) provide useful information for paleoenviron-
mental interpretation in the northeastern Atlantic.

SITE 550

Lithology
The diverse sedimentary units recovered at Site 550

are described in the site chapter in this volume. From
top to bottom, the lithologic units studied here are as
follows:

Unit lb. Lower Miocene and middle Oligocene marly
oozes and chalks rich in nannofossils (Cores 23-5 to 24-
2, 34 cm); a Mn-rich nodule (Fig. 3) occurs in Core 24-1
at 100 cm.

Unit 2a. Lower Oligocene to upper Eocene condensed,
encrusted, clayey, Mn oxide-rich section (Cores 24-2, 34
cm to 24-2, 150 cm; Plate 1) and lower Eocene pelagic
mudstones and marly calcareous oozes (Cores 24-3 to
34-3).

Unit 2b. Upper Paleocene mudstones (Cores 34-4 to
36-3) and pelagic brown claystones with small Mn nod-
ules (Core 36-3, 31-95 cm).

Unit 3a. Upper Paleocene chalk (Core 36-3, 95 cm to
Core 40) with interbedded cherts.

This sedimentary section shows several hiatuses and
condensation events related to dissolution processes. In
Core 24 between Sections 1 and 4, evidence for two ma-
jor hiatuses have been established (site report, this vol-
ume). One apparently occurred in early middle Oligo-
cene (24-1, 135 cm), and the other in middle and late
Eocene (24-2, 62-95 cm); both are marked by clayey de-
posits overlain by a Mn crust. Evidence for a short Pa-
leocene hiatus (2-3 m.y. ago) occurs near the limit be-
tween Units 2b and 3a on top of the brown clays. A
schematic lithologic section is summarized in Figure 4.

Mineralogy

The mineralogy of the sedimentary deposits was de-
fined by microscopic observation of smear slides of the
bulk sediments, by observations of the coarse fraction
(>63 µm), and by X-ray diffraction techniques on both

»i'.:.

Figure 3. Photomicrograph (binocular reflected light) of thin section
of Mn nodule within the Oligocene marly chalk (550-24-1, 97-
100 cm).

the bulk sediments and the clay fraction (> 2 µm). The
results are shown in Figure 4.

Smear Slides

Microscopic investigations confirm prevalent biogen-
ic calcareous and clay lithologies containing ubiquitous
volcaniclastic fragments and glass that become most
abundant in the encrusted level of Core 24 and in the
Paleocene brown clays. Metallic oxides are coated with
clay in samples from the indurated level and occur as
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Sample
(interval

in cm)

Color
(Munsell
chart)

Coarse fraction
O 6 3 µm)

10YR8/3

2.5Y6/4

10YR8/3,8/4

23-5,23-25 •

23-5, 103-105-

10YR7/4,5/6
10YR7/4,3/2
10YR5/3
10YR5/3
Black
10YR3/2,5/8

24-1,35-37 j
24-1,81-83
24-1,90-94
24-1,97-99 1
24-1,100
24-2, 20-22

Poorly crystallized oxides

2.5Y3/2
2.5Y4/2.6/4
2.5Y4/2,6/4
2YR4/2,5/4
Black
2.5Y4/4

24-2, 46-48
24-2, 50-52
24-2, 57-59
24-2, 68-70
24-2, 70-71
24-2, 74-75

10YR4/4,2/1
10YR3/3

24-3,20-22
24-3, 50-52

10YR4/3

7.5YR5/6,4/2

7.5YR7/6

10YR6/3

7.5YR5/4

24-5, 20-22

28•1,40-Λ2

32-1,50-52

34-1,50-52

35-1,50-52

36-1,51-53

36-2, 50-52

5Y6/4

10YR6/4

7.5YR5/4

5YR3/2,10R4/4
10YR3/2
10YR3/2
10YR3/2,2/2
Black

36-3,31-35
36-3, 50-52
36-3, 70-72
36-3,82-85 <

36-3, 97-98
36-3, 98-99
36-3, 101-103

Brown clay
with small

nodules

10YR7/4

5Y8/2.7/2

D 0 I B U
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Figure 4. Schematic representation of sedimentologic and mineralogic data of sedimentary deposits at Site 550. Hiatuses indicated by wavy lines.
Smear slide data: (A) calcareous organisms and carbonate unspecified; (B) siliceous organisms, sponge spicules, and teeth and fish remains;
(C) clays; (D) oxides; (E) volcaniclastic components. Coarse fraction: (A) calcareous organisms; (B) sponge spicules, teeth, and fish remains; (C)
quartz; (D) volcaniclastic components; (E) clay and/or zeolitic aggregates; (F) micronodules and oxides fragments. Bulk mineralogy (X-ray dif-
fraction, semi-quantitative data): (A) calcite; (B) quartz; (C) clays; (D) zeolites; (E) opal-CT. Clays (clay fraction composition by X-ray diffrac-
tion, semi-quantitative estimation): (A) smectites; (B) illite and mixed-layer clays; (C) kaolinite.

globules and micronodules in the brown clays. Occur-
rence of very small zeolites is suspected in Section 2 of
Core 24.

Coarse Fraction

The sandy fraction is composed of calcareous orga-
nisms, abundant teeth and fish remains, and detrital
compounds such as quartz and phyllite. In places zeoli-
tic clay aggregates, palagonite, and volcanic glass frag-
ments are associated with Mn oxide-coated particles
and Mn micronodules. The nature of the volcanic debris
is similar to ash found in the Eocene sequence described
by Knox (this volume). The upper Eocene Mn crusts are

differentiated from the Paleocene brown clays contain-
ing Mn concretions by the following characteristics:

1. The upper Eocene indurated volcanic-sedimenta-
ry section with Mn dentritic coatings and crusts has a
large coarse fraction made up of heterogeneous parti-
cles of various sizes derived from the disaggregated lithi-
fied deposit. Detrital quartz and phyllite are the finest
grains in the section and make up most of the fine sandy
fraction; their presence correlates with a low content of
carbonate and biogenic debris. The larger fragments (up
to 1 cm) are Mn-coated clays and zeolitic aggregates.
Mn oxides occur as diffused impregnated dendrites or as
colloform and layered structures similar to those de-
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scribed by Sorem and Fewkes (1977) for deep sea nod-
ules and crusts. The structure of the indurated levels
from Core 24 appears to be similar to those of crusts
and volcanic-sedimentary deposits described in samples
from the Pacific Ocean by Morgenstein (1967), Hoffert,
Karpoff, et al. (1978), and Karpoff et al. (1980).

2. The coarse fraction from the Paleocene brown clays
is more homogeneous; it is made up of ovoids and small,
buck-shot-like nodules of various sizes (up to 5 mm)
and pink zeolitic clay aggregates and trace amounts of
volcaniclastic debris. The internal structure of the small
nodules is massive, and the nodules do not show colum-
nar structures or concentric layering in section.

SEM investigations on broken small nodules estab-
lish that they consist only of biogenic fragments com-
pletely replaced by Mn oxides. Within the "mash" of
organic debris some diatom and sponge remains are rec-
ognizable (Plate 2). The occurrence of siliceous tests in
marine Mn encrustations has been described elsewhere,
but colloform, columnar, botryoidal, and layered fea-
tures are also always present (Friedrich, 1976; Burns and
Burns, 1979; Moore et al., 1981).

Within the small nodules, all the organisms are epi-
genized and coated by Mn oxides. In places the Mn is in
various well-crystallized forms of todorokite (Plate 3).
Clusters of these radiating, needle-like crystals are simi-
lar to those observed by Margolis et al. (1979). The buck-
shot-like concretions can be interpreted as fecal pellets
diagenetically replaced by todorokite. This hypothesis is
supported by the characteristic size and shape of the
nodules and by their lack of internal features. Fecal pel-
lets composed of silt and clay mixed with biogenic sili-
ceous debris have been recovered in deep sea cores such
as those described by Thompson and Whelan (1980) in
Miocene-Pleistocene sediments.

X-Ray Analyses

Methods

The X-ray diffraction charts from unoriented pow-
ders have been obtained using bulk sediments under the
following conditions: Cu Kα radiation, Ni filter, 40 kV/
18 mA, 0.1-1° slits, l°/min speed. The identification of
clay minerals in the > 2 µm fraction was made on three
types of oriented aggregates: untreated, ethylene glycol
treated, and heated, according to the standard methods
of the Institut de Géologie in Strasbourg (Weber and
Larqué, 1978). Some fine fractions (>63 µm and >2
µm) were also studied by microdiffraction on isolated
particles by transmission electron microscopy (TEM)
(Phillips EM 300) using the method of Trauth et al.
(1977).

Results

Bulk Sediment
The X-ray diffraction diagrams show prevalent cal-

cite, clays, and scarce quartz in the upper Eocene indu-
rated crusts (Core 24) as well as minor amounts of the
zeolite phillipsite. Traces of goethite and apatite were
also discernible. In the brown clays (Core 36), clinop-

tilolite occurs in some samples associated with small
amounts of opal-CT and cristobalite (Fig. 4).

Clay Fraction Composition
The clay fraction from the Miocene to upper Paleo-

cene deposits consists of smectites, illites, small amounts
of kaolinite, and scarce mixed-layer clays (Fig. 4). Smec-
tites become prevalent in the indurated Eocene vol-
canic-sedimentary section. The clay assemblage is rela-
tively constant throughout the lower Eocene section, with
only a slight increase of smectite toward the base. The
Eocene/Paleocene boundary is marked by the disap-
pearance of kaolinite and a low illite content. The Pa-
leocene deposits below the brown clay sequence and the
chert layer contain abundant smectites (Chennaux et
al., this volume), as did the clay fraction in the Paleo-
cene deposits previously described at sites of Leg 48 (La-
touche and Maillet, 1979).

TEM Investigations on the Fine Fraction
The microscopic analyses made on the dispersed fine

fraction from the samples just described establish the
morphologic differences between the clay particles and
the associated minerals and further define the authigen-
ic and diagenetic processes.

The uppermost Unit lb (Miocene-upper Oligocene)
contains prevalent detrital clays with altered illite having
fibrous outlines and scarce palygorskite fibers associ-
ated with large flaky smectite grains (Plate 4, Figs. 1
and 2).

The middle-upper Eocene indurated level contains
smectites that differ from those of the overlying de-
posits (Plate 4, Figs. 3, 4, and 5). The smectite particles
often have irregular outlines and are fringed by poorly
crystallized iron oxide aggregates (Schwertmann and
Taylor, 1977, 1979; Kohyama and Sudo, 1975). Such a
morphology is typical of authigenic smectites forming
in association with volcanogenic sediments (Hoffert,
1980; Karpoff et al., 1980; Karpoff, 1984). The fine
fraction of the encrusted samples is made up of crystal
laths of Mn minerals such as todorokite (Chukhrov et
al., 1980; Arrehenius and Tsai, 1981) associated with
phyllosilicates.

The clay fraction from lower Eocene marly chalk (Unit
2a: Fig. 4) contains prevalent smectites forming large
particles with slightly rolled-up edges and small flaky
particles. Palygorskite is present (Plate 5, Fig. 1). These
associations and morphologies are similar to those of
clays from partially dissolved calcareous oozes de-
scribed by Hoffert (1980).

The clay fraction of the upper Paleocene mudstones
(Unit 2b) contains aggregates of siliceous globules asso-
ciated with large smectites (Plate 5, Figs. 2-4). Some of
these lumplike aggregates are surrounded by thin sheets
of authigenic phyllosilicate.

In the brown clay section, the clay minerals (Plate 6)
are predominantly smectites with slightly rolled-up edg-
es similar to those from red clays described by Hoffert
(1980). Small bunches of siliceous granules occur, and
the Mn crystals are well developed. The diffraction pat-
tern on the Mn laths (Plate 6, Figs. 3 and 4) confirms

826



DIAGENETIC POLYMETALLIC CRUSTS

that their mineralogy is similar to todorokite (Arrhenius
and Tsai, 1981).

The granular cristobalite lepispheres and siliceous
aggregates" are abundant in the fine fraction from the
cherty level of the upper Paleocene section and are sur-
rounded by and associated with thin authigenic sheets
of smectite (Plate 7).

Mineral Paragenesis: Signature of Authigenic and
Diagenetic Evolution

The conditions of formation of authigenic clinoptilo-
lite and phillipsite have often been debated. These zeo-
lites are apparently related to volcanic influences and to
the diagenetic alteration of pelagic sediments (Bonatti,
1972; Hein and Scholl, 1978; Kastner and Stonecipher,
1978). The concomitant argillization and zeolitization
of marine volcaniclasts have been described (Arrhenius,
1963; Honnorez, 1978; Hoffert, Karpoff, et al., 1978;
Petzing and Chester, 1979; Karpoff et al., 1980, 1981;
Taylor and Surdam, 1981). The diagenetic paragenesis
of silica, zeolites, and phyllosilicates in the northwestern
Atlantic was clearly established by Riech (1979) in sedi-
mentary sequences at Sites 397 and 398 and by Harrison
et al. (1979) in tuffaceous sediments at Sites 403 and
404.

The authigenic formation of cristobalite is related to
the dissolution of biogenic opal in siliceous oozes, in
volcanic glass, and occasionally in quartz (Peterson and
von der Borch, 1965; Lancelot, 1973; Wise and Weaver,
1974; Klasik, 1975; Kastner et al., 1977; Louail, 1979;
von Rad, 1979). Co-occurrence of cristobalite, opal-CT,
and clinoptilolite was described by Jeans (1978), Cham-
ley et al. (1979), Iijima et al. (1980), and Moncure et al.
(1981).

Palygorskite in oceanic deposits appears to be mainly
related to the siliceous nature of the sediments, but it is
sometimes ascribed to the weathering of volcanic mate-
rial or to the transformation of smectites (Hataway and
Sachs, 1965; Couture, 1977; Donnelly and Merrill, 1977;
Nathan and Flexer, 1977; Church and Velde, 1979; La-
touche et al., 1979; Singer, 1979). Nevertheless, a detri-
tal origin for palygorskite in the North Atlantic sedi-
ments is hypothesized by Chamley et al. (1979) and De-
brabant et al. (1979).

In accordance with these studies, the mineralogical
composition of the upper Paleocene brown clays sug-
gests that it is a condensed deposit formed by the disso-
lution of a biogenic ooze during a period of a low rate
of sediment accumulation and which had a slight vol-
canic contribution. This facies is comparable to the deep
sea "red clays" (Hoffert, 1980; Karpoff, 1984); although
the small Mn concentrations found in it (thought to be
diagenetically transformed fecal pellets) make it unique.
The overlying mudstone (Unit 2b) and cherty chalk (Unit
3 a) facies result from the diagenetic transformation of
siliceous nannofossil oozes. The condensed section of
upper Eocene and its crusts are related to the alteration
of volcanic compounds and specific authigeneses of sili-
cates and oxides. The combination of two influences,
that is, a dominant volcanic contribution and a low sed-
imentation rate and a hiatus, apparently resulted in the

formation of indurated Mn crusts. A similar evolution
was described in a volcanic-sedimentary sequence by
Hoffert, Karpoff, et al. (1978).

Geochemistry

Methods

The geochemical data are from the same set of sam-
ples as previously discussed. Major element analyses
were performed following the method described by Bes-
nus and Rouault (1973) using arc spectrometry and an
ARL quantometer. The sample was melted in a mixture
of lithium tetraborate and introduced into a glycolated
solvent. Trace elements were determined using an induc-
tive coupled plasma technique (ICP-35OOO C-ARL). Na
and K were determined by emission spectrometry. The
relative precision is ±2% for major elements and ± 10%
for trace elements.

Results

The bulk chemical data are presented in Tables 1, 2,
and 3 for major elements, recalculated on a CaCO3-free
basis (correction for CaO = 0% and equivalent CO2 to-
tal LOI at 1000°C), and trace elements (ppm). The vari-
ations in prevalent major element and some trace ele-
ment contents are shown in Figure 5.

In the carbonate-free phases, the metal contents are
mostly constant throughout the upper Paleocene to lower
Miocene sequence. There are higher contents of Fe and
Mn, however, in samples concentrated in metallic ox-
ides, such as crusts, nodules, and brown clays. The trace
elements Ni, Co, Cu, and Ba occur in association with
these metallic concentrations (e.g., Ni and Ba) but their
contents vary greatly. The silica content is mainly con-
stant but increases slightly with the higher Si/Al ratios
(Table 1) near the bottom, corresponding to more sili-
ceous clayey sediments and cherty layers.

Strontium and Barium Contents
Ca and Sr relationships, now well known in biogenic

carbonates (Turekian, 1964; Renard et al., 1979; Kar-
poff, 1980; Karpoff et al., 1981), show the diagenetic
evolution of Site 550 deposits (Fig. 6).

Sr, released from dissolved biogenic phases, is taken
up by secondary minerals such as clays, zeolites, and ox-
ides. The low Sr content of Paleocene chalks results from
the diagenesis of the previous calcareous oozes, whereas
the overlying zeolitic cherty layer is enriched in stronti-
um. The Mn concretions within the brown clays have
unusually high Sr contents. In a similar way the upper
Eocene volcanic-sedimentary sequence is richer in Sr
than the over- and underlying deposits.

Ba contents show the same variations as Sr contents.
Likewise, the Ba-bearing siliceous organisms supply the
trace elements that are associated with the authigenic
minerals (zeolites and oxides). Occurrence of Ba in bio-
genic phases is often cited (Turekian and Tausch, 1964;
Burton, 1966; Boström et al., 1978; Gurwich et al., 1978).
Volcanic or hydrothermal environments are sometimes
suggested as sources of Ba concentrations (Bonatti et
al., 1972). In the Site 550 deposits, the greater amounts
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Table 1. Bulk chemical analyses of sediments from Site 550 (in wt.%).

Sample
(interval in cm)

550-23-5, 23-25
23-5, 104-105
23.CC
24-1, 35-37
24-1, 81-83
24-1, 90-94
24-1, 97-99
24-1, 100-101a

24-2, 20-22
24-2, 46-48 b

24-2, 50-52
24-2, 57-59
24-2, 68-70
24-2, 70-7l c

24-2, 74-75
24-2, 74-75 d

24-2, 74-75 e

24-3, 20-22
24-3, 50-52
24-4, 20-22
24-4, 20-22 f

24-5, 20-21
24-5, 21-22
28-1, 40-42
32-1, 50-52
34-1, 50-52
35-1, 50-52
35-1, 50-52^
36-1, 51-53
36-2, 50-52
36-3, 31-35
36-3, 31-35h

36-3, 31-351

36-3, 50-52
36-3, 70-72
36-3, 82-85
36-3, 82-85J
36-3, 82-85 k

36-3, 97-98
36-3, 98-99
36-3, 101-103
38-1, 48-50

SiO 2

11.4
20.2
14.0
28.9
29.6
25.6
27.7
33.5
38.9
55.1
56.8
59.1
59.0
52.2
57.2
58.4
47.9
36.1
54.3
41.5
38.9
37.0
40.2
25.2
31.7
32.9
55.4
76.0
46.4
59.1
59.2
59.7
56.8
56.4
55.3
57.8

3.3
1.8

77.8
27.9
19.8
21.0

A1 2 O 3

3.7
6.4
4.5
7.9
7.7
7.0
7.3
3.3

10.7
15.4
15.8
16.9
17.1
17.3
16.3
16.5
14.0
10.8
17.1
13.3
12.5
12.2
13.1
9.2
9.3

10.3
9.5
5.5

12.2
14.9
13.8
16.3
13.1
13.4
13.1
13.6

1.0
0.8
8.6
6.7
4.6
3.7

MgO

0.76
1.30
1.01
1.70
1.43
1.23
1.25
1.28
2.30
3.12
2.74
2.65
2.54
4.29
2.12
1.52
2.13
2.29
2.67
3.25
2.74
2.47
2.55
1.19
1.53
1.67
1.84
1.11
3.18
3.85
3.59
4.40
3.41
3.29 '
3.68
3.96
1.68
1.06
1.35
1.49
0.92
0.93

CaO

44.6
37.3
42.0
29.7
28.8
31.7
29.4

0.7
19.9

1.0
0.8
1.1
1.1
1.5
1.3
0.5
1.3

21.5
3.0

14.7
18.7
18.7
16.8
30.7
24.5
22.9
10.9
4.4

11.5
1.2
1.3
1.3
1.4
1.2
1.3
1.5
0.9
0.6
0.5

30.9
36.6
38.6

F e 2 O 3

1.5
2.2
1.6
3.0
3.0
2.6
2.6

26.8
4.9
6.6
7.5
6.0
5.5
4.3
6.1
3.4
6.4
4.8
7.5
6.3
5.5
5.6
5.9
4.3
5.4
5.4
4.4
2.6
7.1
8.9
9.7
5.4
9.7
8.9
9.0
7.5
1.4
0.5
3.4
4.8
3.4
1.5

Mn3θ4

0.247
0.327
0.237
0.365
0.413
0.369
0.313

11.8
0.570
6.25
1.09
0.538
0.928
7.23
0.905
0.457
5.03
0.399
0.888
0.705
0.183
0.074
0.789
0.254
0.290
0.274
0.247
0.083
0.226
0.459
2.89
2.35
2.86
3.57
4.74
4.98

64.80
68.2

0.113
0.643
0.523
0.461

Tiθ2

0.14
0.21
0.16
0.28
0.30
0.25
0.25
0.58
0.41
0.41
0.51
0.53
0.48
0.32
0.55
0.27
0.61
0.43
0.66
0.48
0.45
0.45
0.48
0.42
0.59
0.50
0.36
0.20
0.36
0.42
0.38
0.23
0.36
0.38
0.35
0.28
0.21
0.19
0.36
0.26
0.20
0.13

N a 2 θ 1

0.44 (
0.68 (
0.46 (
0.93 (
1.09
0.96
1.00
1.11 (
1.34 ;
2.19 ;
2.24
2.26
2.88
2.34 :
2.63
4.02
1.85
1.15
1.84 :
1.36 :
1.20
1.16
1.25
0.78 (
0.94
0.97
1.42
1.02
1.70
2.05
2.00
2.10 (
2.02
1.91
2.07
2.12

<2O

).08
).43
).O7
).94
.27
.23
.58

).78
1.08
1.62
S.54
S.71
1.97
1.13
1.19
5.33
1.25
.94

i.44
1.16
.90
.74
.91

).83
.14
.34
.33
.11
.06
.21
.42

).80
.53
.55
.34
.06

0.99 0.41
0.70 0.29
1.49 .95
0.93 0.66
0.74 0.42
0.49 0.09

LOIat
1000°C

36.93
30.13
35.10
26.43
25.61
28.55
28.34
17.82
18.91
7.59
6.99
6.77
7.13
8.09
7.44
8.84

12.50
20.92

9.35
15.91
18.65
19.20
17.50
27.96
23.11
22.11
13.48
8.08

14.43
7.03
6.66
7.24
7.54
7.63
8.03
7.27

13.56
14.80
4.48

26.79
31.79
32.15

Total

99.80
99.18
99.14

100.15
99.21
99.49
99.73
97.67

100.01
100.28
98.01
99.56

100.63
99.70
98.74
99.24
94.97

100.33
100.75
99.67

100.72
98.59

100.48
100.83
98.50
98.36
98.88

100.10
98.16
99.12

100.94
99.82
98.72
98.23
98.91

100.07
88.25
88.94

100.04
100.97
98.99
99.05

Si/Al

3.08
3.16
3.11
3.66
3.84
3.66
3.79

10.15
3.64
3.58
3.59
3.50
3.45
3.02
3.51
3.54
3.42
3.34
3.18
3.12
3.11
3.03
3.07
2.74
3.41
3.19
5.83

13.82
3.80
3.97
4.29
3.66
4.34
4.21
4.22
4.25
3.30
2.25
9.05
4.15
4.30
5.68

Fe/Mn

6.07
6.73
6.75
8.22
7.26
7.05
8.31
2.27
8.60
1.06
6.88

11.15
5.93
0.59
6.74
7.44
1.27

12.03
8.45
8.94

30.05
75.68

7.48
16.93
18.62
19.71
17.81
31.33
31.42
19.39
3.36
2.30
3.39
2.49
1.90
1.51
0.02
0.01

30.09
7.47
6.50
3.25

CaCC 3

79.6
66.6
75.0
53.0
51.4
56.6
52.5

1.2
35.5

1.8
1.4
2.0
2.0
2.7
2.3
0.9
2.3

38.4
5.4

26.2
33.4
33.4
30.0
54.8
43.8
40.9
19.5
7.9

20.5
2.1
2.3
2.3
2.5
2.1
2.3
2.7
1.6
1.1
0.9

55.2
65.3
68.9

Note: Total Fe was calculated as Fe2θ3 and total Mn as Mn3θ4; C a C θ 3 was calculated using the total CaO.
j* Sample nodule containing 0.30% P2O5. g Indurated part.
b Crust fragments containing 1.02% BaO. h Pink fraction,
j Crust fragments containing 0.89% BaO.

Pale fraction.
f. Dark fraction containing 0.35% P2O5.

Bioturbated zone.

Pale fraction.
Sample of small nodule containing 7.95% BaO.
Sample of small nodule containing 11.21% BaO and 0.16% P2O5.

of Ba are in the Fe-Mn crusts from the volcanic-sedi-
mentary level and in the small Mn nodules from the
brown clays (Fig. 5) (about 0.7 and 11% BaO, respec-
tively). According to the TEM investigations, which ac-
curately show biogenic relics, the enrichment in Ba and
Sr of Mn nodules results from the diagenetic evolution
of accumulated siliceous organisms of the previous fecal
pellets and of the surrounding and underlying sediments.

Aluminum and Iron Relationships

The simultaneous increase of Al and Fe contents in
the marly chalk and mudstones corresponds to a similar
increase in the clay minerals (Fig. 7). The brown clays
are relatively enriched in iron, and samples of the crusts
are rich in Al, depending on their mineral assemblages.
For example, prevalent smectites and oxides occur in the
brown clays, and zeolites (also associated with higher

K and Na contents) occur in the volcanic-sedimentary
section.

Oxide Composition

The various metalliferous concretions (crusts and nod-
ules) are differentiated from each other by the Mn, Fe,
and transitional element contents (Figs. 8 and 9 and Ta-
bles 1 and 2). The upper Eocene crusts are particularly
enriched in Ni, Co, and Ba and lesser amounts of Cu,
Zn, and Zr. A large nodule found within the Oligocene
deposits (Fig. 3) has a high content of trace elements,
particularly Zn, V, and Zr. By comparison, the small
nodules from the Paleocene brown clays are depleted in
Ni and Co but are enriched in V and Cu, as are Sr and
Ba. The characteristics of the upper Eocene crust and
the large nodule are intermediate between those of the
deep sea nodules from the Pacific sediments and those
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Table 2. Bulk chemical analyses of sediments from Site 550 (in ppm).

Sample
(interval in cm)

550-23-5, 23-25
23-5, 104-105
23.CC
24-1, 35-37
24-1, 81-83
24-1, 90-94
24-1,97-99
24-1, 100-101

a

24-2, 20-22
24-2, 46-48

b

24-2, 50-52
24-2, 57-59
24-2, 68-70
24-2, 70-7 l

c

24-2, 74-75
24-2, 74-75

d

24-2, 74-75
e

24-3, 20-22
24-3, 50-52
24-4, 20-22
24-4, 20-22

f

24-5, 20-21
24-5, 21-22
28-1,40-42
32-1, 50-52
34-1, 50-52
35-1, 50-52
35-1, 50-528
36-1, 51-53
36-2, 50-52
36-3, 31-35
36-3, 31-35

h

36-3, 31-35
1

36-3, 50-52
36-3, 70-72
36-3, 82-85
36-3, 82-85J
36-3, 82-85

k

36-3, 97-98
36-3, 98-99
36-3, 101-103
38-1, 48-50

Sr

1145
1045
1095
1072
1109
1380
1169
646
850
610
407
520
426
677
574
459
711
799
620
515
583
585
584
760
688
737
438
195
547
361
440
338
341
455
434
476
4209
5540
420
673
790
783

Ba

480
1227
774
1270
1699
1863
1580
1068
1561
6145
2680
800
1064
6364
1443
743

3462
725
1408
1053
440
231
1077
262
711
720
633
589
768
861
946
289
708
1429
1671
1620
s
s
156
94
76
273

V

24
41
25
56
60
54
51

1036
86
249
143
111
102
218
127
66

200
85
144
118
87
82
111
93
71
81
155
79
86
142
75
31
70
79
77
84

1034
1404
93
40
34
40

Ni

140
107
86
144
124
102
104

3646
135
578
304
229
233
1835
190
138

1239
101
130
117
115
102
115
99
95
101
96
40
93
90
120
124
112
112
147
138
172
176
66
87
86
88

Co

27
23
16
35
46
30
35

3757
47
453
158
66
111
1594
79
55

1421
32
52
35
22
21
54
29
26
29
41
28
33
35
76
53
51
56
64
95
697
575
23
37
23
33

Cr

23
34
27
31
35
32
33
39
48
55
88
78
57
72
89
55
79
58
82
71
69
67
67
50
55
62
53
38
56
61
58
78
78
61
59
52
163
131
63
31
27
26

Zn

42
65
58
98
90
77
78

431
126
224
170
157
157
391
123
68
182
99
109
225
102
101
105
84
68
77
68
39
90
100
109
94
120
119
106
104
86
95
63
56
51
47

Cu

40
80
71
115
80
73
70

2403
100
561
340
230
293
1165
144
117
397
93
123
145
110
133
138
49
56
54
140
31
51
199
446
586
407
391
384
352
1493
1261
92
102
57
24

Zr

28
46
31
66
64
56
65
814
81
169
159
139
119
154
117
73
120
77
107
93
83
84
82
59
79
69
59
53
70
78
102
76
98
91
90
93
97
122
78
55
38
24

Note: Same legend as Table 1. s = value over the upper detection limit.

of the crusts formed under volcanic influences (Hoffert,
Karpoff, et al., 1978; Karpoff et al., 1980). From their
trace-metal signatures the small Mn nodules from the
Paleocene brown clays appear to lie in the "hydrother-
mal" field established by Bonatti et al. (1972), Hoffert,
Perseil, et al. (1978), and Toth (1980). Nevertheless, as
suggested by Toth (1980), their Ba and Sr concentrations
do not corroborate the hydrothermal origin.

Geochemical Composition of Authigenic Phases:
Environmental Influences

The partitioning of Fe, Mn, and trace elements into
authigenic silicates and oxides has been studied by nu-
merous authors. Burns and Burns (1978, 1979) propose
several processes: (1) a reaction between palagonite, bio-
genic silica, and pelagic clay, forming phillipsite and
smectites; and (2) a reaction between organic matter and
amorphous Fe and Mn oxihydroxides forming todorok-
ite and soluble iron. Lyle et al. (1977) have suggested
that the presence of reactive silica promotes the forma-
tion of Fe-rich smectites and that Mn crystallizes as to-
dorokite. The important contribution of siliceous orga-
nisms to the authigenesis of smectites and oxides has
been recently shown by Hoffert (1980) and Marchig and
Gundlach (1981). The bacteria and organic matter are

sometimes involved in the Mn accumulation and in the
relatively lower redox potential, making conditions more
favorable to the formation of todorokite rather than δ-
MnO2 (Lynn and Bonatti, 1965; Cronan, 1975; Varent-
sov and Grasselly, 1980). The crystallization of Mn ox-
ides and the mechanisms of uptake of trace elements
have been analyzed by Burns (1976), Burns and Burns
(1979), and Arrhenius et al. (1979).

Shallow-water nodules are mostly made up of todo-
rokite and are usually poor in trace elements (Dunham
and Glasby, 1974; Calvert and Price, 1977). The origin
of enrichment of trace elements in interstitial water and
seawater, and thus in sediments and concretions, has
been debated in numerous works on deep-sea nodules
and crusts as either volcanogenic (e.g., Ni, Co, and Zr)
or as biogenic (e.g., Ba, Sr, Ni, Cu, Pb, and V) (see ad-
ditional references in Glasby, 1977; Hoffert, 1980).

The geochemical data on Site 550 samples, in agree-
ment with the studies just cited, permit an accurate re-
construction of the sedimentary environment and the re-
lated early diagenetic environment of the deposits dur-
ing two slow accumulation periods.

The depositional environment for the upper Paleo-
cene brown clays was somewhat restricted and confined
and was at medium depth (~ 3000 m) (site chapter, this
volume). It was suitable for the temporary preservation
of organic matter and for the added action of bacteria
on fecal pellets (Thompson and Whelan, 1980) that prob-
ably originated from the nearby continental margin
(Fig. 2). The early diagenesis of the sediment under in-
termediate redox potential conditions induces formation
of well-crystallized Mn oxide concretions, which also
have high contents of Ba, Sr, and V released by the epi-
genetized biogenic sediments. The presence of active sil-
ica and Fe promotes the transformation and authigene-
sis of smectites, which are prevalent in this facies.

A sporadic, slightly confined environment during ear-
ly deposition of the brown clays is in accordance with
the restricted circulation that apparently prevailed ear-
lier during the Cenomanian (site chapter, this volume).
During middle-late Eocene time, the deposits are mostly
volcaniclastic mixed with a small, but consistent, amount
of terrigenous and biogenic sediments. Deposition of
the condensed facies occurred during a period of many
hiatuses, on a deeper seafloor than during late Paleo-
cene, and in an open, oxidized environment. This facies
is thus diagenetically indurated by authigenic clays, zeo-
lites, and Fe-Mn oxides with the diagenetic processes
having developed in the water-sediment interface. The
crusts in this facies are enriched in Ni, Co, and Ba re-
lated to the halmyrolysis of the volcaniclastic and bio-
genic components.

Within the overlying Oligocene mud, the nodule may
have resulted from (1) the disaggregation of the indurat-
ed level; (2) reworking of fragments within the mud; or
(3) nucleation and diagenetic formation of layered Fe-
Mn oxides. This facies is similar to facies of the same
age described from volcanic sediments found in the South
and North Pacific (Hoffert, Karpoff et al., 1978; Kar-
poff et al., 1980). The occurrence of tuffaceous sedi-
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Table 3. Bulk chemical analyses of sediments from Site 550 (in wt.%) recalculated on a CaO-free ba-
sis.

Sample
(interval in cm)

550-23-5, 23-25
23-5, 104-105
23,CC
24-1, 35-37
24-1, 81-83
24-1, 90-94
24-1, 97-99
24-1, 100-101a

24-2, 20-22
24-2, 46-48b

24-2, 50-52
24-2, 57-59
24-2, 68-70
24-2, 70-7 l c

24-2, 74-75
24-2, 74-75d

24-2, 74-75e

24-3, 20-22
24-3, 50-52
24-4, 20-22
24-4, 20-22f

24-5, 20-21
24-5, 21-22
28-1, 40-42
32-1, 50-52
34-1, 50-52
35-1, 50-52
35-1, 50-528
36-1, 51-53
36-2, 50-52
36-3, 31-35
36-3, 31-35h

36-3, 31-351

36-3, 50-52
36-3, 70-72
36-3, 82-85
36-3, 82-85J
36-3, 82-85k

36-3, 97-98
36-3, 98-99
36-3, 101-103
38-1, 48-50

SiO2

56.4
61.7
57.7
61.1
61.7
59.4
58.4
34.7
60.2
55.4
58.6
60.5
59.7
53.3
59.2
59.3
51.5
58.2
56.8
56.4
57.7
56.7
56.9
54.7
57.8
57.2
69.7
82.3
59.7
60.9
59.9
61.2
59.0
58.6
57.2
59.2
3.5
1.8

78.4
60.7
58.8
69.6

A12O3

18.3
19.6
18.6
16.7
16.0
16.2
15.4
3.4

16.5
15.5
16.3
17.3
17.3
17.7
16.9
16.8
15.1
17.4
17.9
18.1
18.5
18.7
18.6
20.0
16.9
17.9
11.9
5.9

15.7
15.3
14.0
16.7
13.6
13.9
13.5
13.9
1.1
0.8
8.7

14.6
13.7
12.3

MgO

3.76
3.97
4.17
3.60
2.98
2.85
2.64
1.33
3.56
3.14
2.83
2.71
2.57
4.38
2.20
1.54
2.29
3.69
2.79
4.42
4.07
3.79
3.61
2.58
2.79
2.90
2.31
1.20
4.09
3.97
3.64
4.51
3.54
3.42
3.80
4.06
1.78
1.07
1.36
3.25
2.73
3.08

Fe2O3

7.4
6.7
6.6
6.3
6.2
6.0
5.5

27.7
7.6
6.6
7.7
6.1
5.6
4.4
6.3
3.4
6.9
7.7
7.8
8.6
8.2
8.6
8.4
9.3
9.8
9.4
5.5
2.8
9.1
9.2
9.8
5.5

10.1
9.3
9.3
7.7
1.5
0.5
3.4

10.5
10.1
5.0

Mn3O4

1.22
1.00
0.98
0.77
0.85
0.86
0.66

12.22
0.88
6.28
1.13
0.55
0.94
7.38
0.94
0.46
5.41
0.64
0.93
0.96
0.27
0.11
1.12
0.55
0.53
0.48
0.31
0.09
0.29
0.47
2.93
2.41
2.97
3.71
4.90
5.10

68.50
68.83
0.11
1.40
1.55
1.53

TiO2

0.69
0.64
0.66
0.59
0.62
0.58
0.53
0.60
0.63
0.41
0.53
0.54
0.49
0.33
0.57
0.27
0.66
0.69
0.69
0.65
0.67
0.69
0.68
0.91
1.08
0.87
0.45
0.22
0.46
0.43
0.38
0.24
0.37
0.39
0.36
0.29
0.22
0.19
0.36
0.57
0.59
0.43

BaO

0.30
0.46
0.45
0.34
0.46
0.49
0.42
0.12
0.31
1.02
0.31
0.09
0.12
0.91
0.17
0.08
0.42
0.15
0.16
0.16
0.07
0.05
0.18
0.09
0.13
0.16
0.10
0.08
0.12
0.10
0.12
0.04
0.08
0.17
0.19
0.19
8.40

11.31
0.02
0.04
0.03
0.10

Na2O K2O

2.18 (
2.08
1.90 (
1.97
2.27
2.23
2.11
1.15 (
2.07
2.20
2.31
2.31
2.92
2.39 :
2.72
4.08
1.99
1.85
1.93
1.85
1.78 :
1.78 :
1.77 :
1.69
i.7i ;
i.69 :
1.79
1.10
2.19
2.11
2.03
2.15 (
2.10
1.98
2.14
2.17
1.05 (
0.71 (
1.50
2.03
2.20
1.63 (

).4O
1.31
).29
1.99
>.65
1.85
5.33

5.22
1.63
5.65
3.80
t.02
2.18
1.34
5.42
5.49
5.13
5.60
>.94
1.82
2.67
>.71
.80

>.08
>.33
.67
.20
.36

1.25
1.44
).82
.59
.61
.38
.09

).43
).29
.97
.44
.25

).30

LOI at
1000°C

9.34
2.51
8.66
6.55
6.21
8.45

11.05
17.89
5.06
6.84
6.57
6.05
6.34
7.06
6.65
8.58

12.34
6.49
7.32
5.93
5.87
6.91
6.09
8.34
7.04
7.15
6.18
5.01
6.94
6.27
5.71
6.38
6.69
6.95
7.24
6.24

13.59
14.46
4.12
5.48
9.01
6.04

Note: Same legend as Table 1.

ments indicating Eocene volcanism is fairly widespread
in the northeastern Atlantic Ocean (Sites 398C, 403,
and 404) (Renard et al., 1979; Harrison et al., 1979).

SITE 548

Lithology

Hole 548A was drilled at a shallow site on the Goban
Spur (1256 m water depth) and penetrated 535 m of
Quaternary to upper Campanian nannofossil ooze and
chalk. Just above the Variscan basement (Lefort et al.,
this volume) a polymetallic incrusted chalk fragment
was found.

The material available for this study includes (1) a
thin section of a sample taken at the contact between the
metalliferous concretion and the surrounding chalk and
(2) small fragments of the crusts used for the geochemi-
cal analyses.

Structure of the Concretion

The sample found in the core catcher of Core 35 had
a chalk layer on the top and a metalliferous crust at the

bottom. If this orientation was that of the original de-
posit, the manganiferous crust may have formed between
the chalk and the quartzitic basement. However, the
sample may easily have been turned upside down by the
drilling disturbance, and thus the concretion may have
formed between two chalk layers. In the latter case, the
contact with the Paleozoic quartzite would be unknown.
In the following discussion, the sample is described with
the Mn crust on top, as most marine crusts are.

The internal structure of the sample as seen in thin
section displays several successive sedimentary and ac-
cretionary layers (Fig. 10). Chronology of the events of
formation are as follows:

1. deposition of a micrite layer;
2. perforations on top of Layer 1;
3 and 4. deposition of successive, highly oxidized,

patchy micritic layers;
5. deposition of a thicker micrite layer of which some

residual patches are preserved;
6. development of colloform diagenetic oxides with-

in Layer 5 with columnar features forming botryoidal
structures individually or laminae as groups;
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Sample
(interval
in cm)

23-5,23-25 H

123-5, 103-105

24-3, 20-22
24-3, 50-52

24-4, 20-22

24-5, 20-22

28-1,40-42

32-1,50-52

36-3,31-35 +
36-3, 50-52 4>
36-3, 70-72 41
36-3, 82-85<|
36-3, 97-98
36-3, 98-99

B6-3, 101-103

Figure 5. Schematic representation of chemical variations along the sedimentary column at Site 550.

7. fracture of Layer 5, simultaneously with the accre-
tion of columnar, colloform, and layered structures, re-
lated to the deformation by hydrostatic pressure;

8. deposition of new micrite containing small colum-
nar-crust fragments filling the cracks; and

9. secondary accretion of manganiferous columns on
the sides of the cracks.

Some subsequent mineralization took place in the por-
ous material of Layer 1, as follows: (a) phosphatic com-
pounds filled a perforation and columnar phosphatic de-
posits accreted outside the cavity; (b) similar textural
features by Mn deposits developed in conjunction with
centripetal diffusion; and (c) successive aureoles of wooly
and pigmentary Mn colloforms and dendrites formed.
Such internal features have been described by Sorem
and Fewkes (1979) and Bourbon (1980).

Chemical Composition
Chemical data for Site 548, obtained in the same man-

ner as for Site 550 samples, are given in Tables 4, 5, and
6. The data are from samples of five fragments of the

outermost Mn crusts and Layer 1 micrite and of the un-
derlying deposits (36,CC) and the overlying chalk from
Cores 34 and 35.

The prevalent elements are Ca (45% CaO), P (mean
of 23% P2O5),and Mn (mean of 7% Mn3O4). These con-
tents are similar to those of shallow water and continen-
tal margin concretions (Tooms et al., 1969; Bourbon,
1980).

The ternary diagram of Fe versus Mn versus Co + Ni
+ Cu (Fig. 11) gives an "hydrogenous" field for the
available data close to that of the deep-sea nodules and
upper Eocene crust from Site 550. This result seems to
corroborate the diagenetic origin of the crust as previ-
ously discussed. A biogenic contribution during the ac-
cretion of Fe-Mn oxides is supported by the high trace
element content (Ba, Ni, Co, and Zn).

Environment of the Diagenetic Crust in Hole 548A
The phosphatic composition of the studied crust cor-

roborates a shallow paleodepth (estimated at 500 to 700 m)
for Site 548 during early Mesozoic time (Masson et al.,
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1500

1000-

500

10 20 30 40

CaO (%)

• Marly chalk (post-Paleocene)

O 36-2, 50-52 cm to 36-3, 82-85 cm: brown clays

• 24-2, 50-52 cm to 24-2, 68—70 cm; 24-2, 74—75 cm: indurated and crust level

O 35-1, 50—52 cm and 36-1, 51—53 cm: mudstones (Paleocene)

A 36-3, 98-99 cm to 38-1, 48-50 cm: bulk sediments, chalk <Paleocer>e)

Δ 36-3, 97-98 cm: chert

It 36-3, 82—85 cm: small nodules from brown clays

• 24-2, 46-48 cm, 24-2, 70-71 cm, and 24-2, 74-75 cm: crusts

Φ 24-1, 100-101 cm: nodule

ß Oceanic basalts area (average)

\^\ Area of authigenic oceanic clay minerals (data from Legs 55, 70, and 73)

Figure 6. Relationships between CaO and Sr contents of bulk sediments at Site 550. Symbol superscripts
as defined in Table 1 footnotes.

this volume). The distribution of phosphorites through-
out the oceans through time has been reviewed by Ar-
thur and Jenkyns (1981). The association of Mn and P
authigenic crusts (Tooms et al., 1969) has also been ob-
served in shallow water and volcanic environments (Kar-
poff et al., 1980) and in the North Atlantic by Schaaf et
al. (1977).

The hiatus between the Variscan basement and the
overlying Cretaceous chalk deposits was suitable for the
diagenetic formation of the phosphatic and manganifer-
ous crust on an older hard ground that had been estab-
lished on a thin chalky deposit. The origin of the pri-
mary phosphatic and micritic encrustations is probably
related to upwelling. The Mn in this case was apparently
mostly from a continental source and was later depos-
ited in an oxidized environment (Calvert and Price, 1977).

CONCLUSIONS

Cores from Sites 548 and 550 contain several encrust-
ed sedimentary levels that permit us to reconstruct the
varying depositional environments and the subsequent
diagenetic processes.

At Site 548, located on the upper slope of the conti-
nental margin, a phosphatic and manganiferous crust
was formed during a long hiatus before the deposition
of Upper Cretaceous chalk on the Devonian basement.

The formation of such a phosphatic crust apparently re-
sulted from upwelling and epicontinental influences in
shallow warm water. The secondary diagenetic accretion
of Mn oxides marks a slight change to a cooler and more
oxidized marine environment.

This long hiatus during which formation of a thin
phosphatic crust occurred seems to correspond to the
Late Jurassic to earliest Cretaceous episode of the for-
mation of "phosphorite giants" described by Arthur and
Jenkyns (1981). Similar Vraconian-Cenomanian facies
have also been observed in the Western Alps by Bourbon
(1980).

At Site 550, two periods with low sedimentation rates
promoted the formation of metalliferous enrichments.
During late Paleocene time, a slightly reducing environ-
ment at intermediate depth (about 3000 m) was suitable
for the temporary preservation of organic-carbon-rich
fecal pellets. They were subsequently replaced by well-
crystallized manganate exceptionally rich in Ba. Other
diagenetic features include (1) the formation of smectite
and Fe oxides in the surrounding "red clays" and (2) the
formation of cristobalite and silicates (clays and zeolites)
at the top and bottom of the section.

In the North Atlantic during late Paleocene time the
major paleoceanographic event was the separation of
Greenland from Iceland and the subsequent modifica-
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Fe2O2 O 3

Figure 7. Relationship between A12O3 and Fe2O3 contents of bulk sedi-
ments at Site 550. Same symbols as in Figure 6 and symbol super-
scripts as in Table 1.

tion of oceanic circulation caused by warm surface wa-
ter from the south mixing with cold bottom water from
the north (reference in Haq, 1981). This layering of wa-
ter masses could explain the preservation of detrital or-
ganic compounds during their fall through the water
column and their subsequent diagenetic alteration with-
in the sediment by more corrosive interstitial waters.

During middle and late Eocene time, a condensed
volcanic-sedimentary section was deposited and under-
went early diagenesis via authigenesis to clays, zeolites,
and coatings of Ni-rich Fe-Mn oxides. The mineralogy
and geochemistry suggest a cooler, more oxidized envi-
ronment in water deeper than during late Paleocene time.

The volcanic contribution in the North z\tlantic de-
posits during middle to late Eocene time has been de-
scribed by Renard et al. (1979), Harrison et al. (1979),
and Knox (this volume). As established by numerous
authors (cited in Haq, 1981), the volcanic compounds
are apparently related to the activity of Iceland and the
Reykjanes Province during the late Eocene. At the same
time the colder bottom-water circulation (overflow from
the Norwegian bottom water above the Faroe Ridge) was
strengthened. This Eocene to early Oligocene cooling
event has been well documented by oxygen isotope data.

The common factor of these three condensed facies is
the very low sedimentation rate which allowed environ-
mental influences (organic, oxidizing, and volcanic vs.

continental) to form differentiated authigenic phases and
specific metal-enriched manganiferous levels.
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Figure 8. Relationship between Mn3O4 and Fe2O3 contents of bulk sediments at Site 550 (values on a CaO-
free basis). Same symbols as in Figure 6 and symbol superscripts as in Table 1.
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Ni + Co + Cu (x 10)

Fe

IMi + Co + Cu (x 10)

Mn

Figure 9. A. Ternary diagram of Fe-Mn-(Ni + Co + Cu) after Bonat-
ti et al. (1972) snowing plots of Site 550 samples. Same symbols as
in Figure 6 and symbol superscripts as in Table 1. B. Reference ter-
nary diagram. * Seamounts and Timor nodules (Margolis et al.,
1978); O Average for East Equatorial nodules; * Nodule from
South Pacific (Hoffert, Karpoff, et al., 1978); Crusts from Em-
peror Seamounts (Karpoff et al., 1980). Hydrothermal deposits are
from FAMOUS area (Hoffert, Perseil, et al., 1978).

Figure 10. A. Photomicrograph (binocular reflected light) of thin sec-
tion from Section 548-35,CC (scale bar = 4 cm). B. Sketch of (A)
showing the relationships of successive Mn and calcareous layers
on the micrite layers. Numbers and letters are explained in text.

f)
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Table 4. Bulk chemical analyses of sediments from Site 548 (in wt.%)

Sample
(interval in cm)

548-34-4, 50-52
35-2, 6-8
35,CCa

35.CCa

35,CCa

35,CCa

35,CCb

36,CC

SiO2

2.2
1.2
1.8
1.2
3.1
2.2
1.2
5.3

A12O3

0.7
0.3
1.3
1.8
1.4
0.8
0.4
1.2

MgO

0.27
0.26
0.92
1.50
2.30
0.71
0.24
0.63

CaO

53.3
54.6
44.6
43.1
43.9
47.6
53.7
49.9

Fe 2 O 3

0.3
0.2
2.0
3.4
3.0
5.5
0.2
1.5

M n 3 O 4

0.089
0.094
5.47
8.80
6.43
5.66
0.073
0.060

TiO 2

0.04
0.02
0.07
0.08
0.09
0.05
0.03
0.05

BaO

0.02
0.01
0.08
0.23
0.10
0.37
0.01
0.05

Na 2O

0.18
0.13
0.41
0.30
0.23
0.07
0.15
0.65

P2O5

s
s

22.7
22.5
24.0

1.5
s

16.6

LOI at
1000°C

42.87
43.16
13.59
11.94
11.55
34.16
43.31
21.42

Total

99.96
99.97
94.94
94.85
96.10
98.62
99.31
97.36

Si/Al

3.14
4.00
1.38
0.67
2.21
2.75
3.00
4.42

Fe/Mn

3.37
2.13
0.37
0.39
0.47
0.97
2.74
2.50

Apatite

0
0

53.6
53.1
56.6

3.5
0

39.2

Calcite

95.2
97.5
30.1
24.3
22.3
77.6
95.9
48.7

Note: Total Fe was calculated as Fβ2θ3 and total Mn as Mn3θ4• K2O % was below lower detection limit, s = value below detection limit. Apatite is calculated with
total P2O5 % (with formula Ca5(PC>4)3θH). Calcite is calculated with residual CaO % and LOI.

a Crust fragments.
Hard white bottom part.

Table 5. Bulk chemical analyses of sediments from Site 548
(in ppm).

Sample
(interval in cm)

548-34-4, 50-52
35-2, 6-8
35,CC a

35,CCa

35,CCa

35,CCa

35,CCb

36.CC

Notes as for Table

Sr

687
721

1176
1355
1193
1062
696
834

4.

Ba

110
80

678
1884

803
2590

46
3%

V

8
9

54
144
74

168
7

32

Ni

20
12

1600
3086
2380

247
7

86

Co

16
14

1632
2038
2065

260
17
28

Cr

17
8

20
27
71
27
14
7

Zn

19
15

187
268
227
132

16
66

Cu

9
7

202
355
248

97
7

17

Zr

10
6

31
28
37
20

7
22

Ni + Co + Cu (x 10)

Figure 11. Ternary diagram of Fe-Mn-(Ni + Co + Cu) after Bonatti

et al. (1972) showing plots of Site 548 samples. Symbols for sam-

ples: D = 34-4, 50-52 cm and 35-2, 6-8 cm (sediments); * =

35,CC a (crust, as defined by Tables 4-6); + = 35,CC b (as de-

fined by Tables 4-6) and 36,CC.

Table 6. Bulk chemical analyses of sediments from Site 548 (in wt.%) recalculated on a

CaO- and apatite-free basis.

Sample
(interval in cm)

548-34-4, 50-52
35-2, 6-8
35,CCa

35,CCa

35,CCa

35,CCa

35,CCb

36.CC

SiO2

45.8
48.3
14.5
6.5

16.8
12.6
34.9
51.3

A12O3

14.6
12.1
10.5
9.7
7.6
4.6

11.7
11.6

MgO

5.62
10.47
7.42
8.09

12.49
4.05
7.00
6.09

CaO

0
0
0
0
0

12.34
0
8.59

Fe2O3

6.2
8.1

16.1
18.3
16.3
31.4

5.8
14.5

Mn3O4

1.85
3.78

44.10
47.44
34.91
32.28
2.13
0.58

TiO 2

0.83
0.81
0.56
0.43
0.49
0.29
0.87
0.48

•

BaO

0.42
0.40
0.65
1.24
0.54
2.11
0.29
0.48

Na2O

3.75
5.23
3.31
1.62
1.25
0.40
4.37
6.29

LOI at

1000°C

20 65
10.47
2.76
6.63
9.55
0

32.57
0

X

4.8
2.5

16.3
22.6
21.1
18.9
4.1

12.1

Note: Total Fe was calculated as Fβ2θ3 and total Mn as Mn3θ4• K2O % was below lower detection limit. X = car-
bonate- and apatite-free fraction (silicates and oxides) contents in the bulk sediments.

a Crust fragments.
b Hard white bottom part.
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46-48

50-52

70-72

] 57-58

82-85

Sediment —

Nodule

68-70

70-71

74-75

97-98

98-99

B
Plate 1. Sections of cores at Site 550 showing positions of studied samples. A. 550-24-2, 45-80 cm; middle and upper Eocene deposits. Note

structure of two major encrusted layers composed of heterogeneous, white to dark brown, indurated deposits (clays, volcaniclastic components,
and zeolites) overlain and coated by black manganese oxides. B. 550-36-3, 64-100 cm: upper Paleocene deposits. The brown clay contains small
rounded manganese nodules. The contact between the brown clay and the chalk is marked by a chert layer (93-100 cm).
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DIAGENETIC POLYMETALLIC CRUSTS

Plate 2. SEM photomicrographs of small broken nodules from the coarse fraction of the upper Paleocene brown clays (550-36-3, 82-85 cm).
1. General view of agglutinated and broken biogenic debris (mainly fecal pellets) making up the total mass of the small nodule. The XES analyses
confirm that all this debris is composed of Mn and Ba (scale bar = 20 µm). 2. Sponge fragment (scale bar = 50 µm). 3. A well-preserved
diatom completely replaced by Mn oxide (scale bar = 50 µm). 4. Detail of hexagonal structure of diatom surface (scale bar = 10 µm).
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Plate 3. SEM photomicrographs of small broken nodules from the coarse fraction of the upper Paleocene brown clays (550-36-3, 82-85 cm). Note
the various morphologies of the crystallites of Mn oxides as todorokite. 1. Small balls of todorokite rods filling the internal test of a biogenic
fragment (scale bar = 5 µm). 2. Radiating fine needles of Mn oxides which have formed as overgrowths on biogenic structures (scale bar = 10
µm). 3. Criss-crossing fibers of todorokite in cavities of biogenic fragments (see Plate 2, Fig. 1) (scale bar = 5µm). 4. Detail of group of to-
dorokite needles (see Plate 6) (scale bar = 10 µm).
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DIAGENETIC POLYMETALLIC CRUSTS

Plate 4. TEM photomicrographs of the dispersed fine fraction from Oligocene marly chalk (Unit lb) and the upper Eocene encrusted layer (Unit
2a). 1. Sample 550-24-1, 90-94 cm: Oligocene fine marly chalk; altered detrital illite particles with fibrous outlines and a calcareous biogenic
fragment (black) (scale bar = 1 µm). 2. Sample 550-24-2, 46-48 cm: fine fraction of clayey deposits below Mn encrustment; association of
smectite particles with flaky outlines and palygorskite fibers in clay fraction of calcareous ooze (scale bar = 0.6 µm). 3. Sample 550-24-2, 50-
52 cm: aggregate of poorly crystallized iron oxides bracketed to smectites (scale bar = 0.5 µm). 4. Sample 550-24-2, 68-70 cm: dense, well-crys-
tallized smectite particles and Fe oxide aggregates. The smectites show curved outlines similar to the authigenic Fe smectites from the volcanic-
sedimentary deposits (scale bar = 1 µm). 5. Detail of 4: the overgrowths of smectite are interlaced clusters of fibers similar to the Fe oxide lay-
ered silicate complex (scale bar = 0.12 µm). 6. Detail of 4: aggregates of small crystallite plates of Fe oxides and a few laths of Mn oxides (scale
bar = 0.25 µm). 7. Detail of 4: crossed laths of well-crystallized Mn oxides in the form of todorokite (scale bar = 0.5 µm). 8. Sample 550-24-
2, 74-75 cm: group of todorokite lathy crystals associated with clays in the fine fraction (scale bar = 0.5 µm).
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Plate 5. TEM photomicrographs of the dispersed fine fraction from lower Eocene and upper Paleocene deposits (Unit 2a/2b boundary).
1. Sample 550-34-1, 50-52 cm: lower Eocene marly chalk; fine fraction containing large smectites with cotton-like, curved edges and small parti-
cles of flaky smectites and a few lath-shaped palygorskite crystals (typical clay fraction of calcareous ooze) (scale bar = 1.5 µm). 2. Sample
550-35-1, 50-52 cm: upper Paleocene mudstone; the large smectite particles with very curly edges associated with aggregates of siliceous globules
(scale bar = 1 µm). 3. Detail of 2: morphology of slightly crumpled authigenic smectite particle with diffuse edges (scale bar = 0.5 µm).
4. Detail of 2: cristobalite lepisphere at edges of smectite and siliceous globules (scale bar = 0.16 µm).
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DIAGENETIC POLYMETALLIC CRUSTS

Plate 6. TEM photomicrographs of dispersed fine fraction from upper Paleocene brown clays (Unit 2b). 1. Sample 550-36-3, 50-52 cm: large
smectite particles with diffuse and slightly rolled edges, bunches of siliceous granules, and well-crystallized radiating todorokite laths (scale bar
= 1 µm). 2. Sample 550-36-3, 82-85 cm: smectite particles with fibrous overgrowths and long platy needles of todorokite (scale bar = 1 µm).
3. Diffraction pattern from the platy fiber of todorokite in Figure 2 above, which is similar to those given by Arrhenius and Tsai (1981). 4.
Detail of 2: very small, flat lath-like crystallites of todorokite. Magnification of the micrograph shows striation features and ribbon structures of
the manganate (scale bar = 0.1 µm).

843



A. M. KARPOFF, M. BOURBON, B. ANCEL, P. C. DE GRANCIANSKY

Plate 7. TEM photomicrographs of the dispersed fine fraction from the upper Paleocene chert and chalk (Unit 3a). 1. Sample 550-36-3, 98-
99 cm: smectite particle with diffuse, slightly curly edges with flaky overgrowths and small clusters of granular cristobalite (scale bar =
0.5 µm). 2. Sample 550-38-1, 48-50 cm: association of authigenic smectite layers and cristobalite lepispheres making dense aggregates (scale bar
= 1 µm). 3. Detail of 2: bunch-like, granular cristobalite and associated bent smectite layers; occurrence of a few very small detrital particles
(arrow) (scale bar = 0.3 µm). 4. Detail of 2: high magnification of the cristobalite granules (scale bar = 0.1 µm).
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