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ABSTRACT

Abundant Fe-Mn carbonate concretions (mainly siderite, manganosiderite, and rhodochrosite) were found in the
hemipelagic claystones of Site 603 on the eastern North American continental rise. They occur as nodules, micronod-
ules, or carbonate-replaced burrow fills and layers at a subbottom depth of between ~ 120 (Pliocene) and 1160 m (Albi-
an-Cenomanian). In general, the Fe-Mn carbonate concretions form from CO3"~ produced by the microbiological
degradation of organic matter in the presence of abundant Fe+ + or Mn+ + and very low S~ ~ concentrations. However,
there is also some evidence for diagenetic replacement of preexisting calcite by siderite.

The carbon isotope composition of diagenetic Fe-Mn carbonate nodules is determined by CO2 reduction during me-
thanogenesis. Carbonate nodules in Cretaceous sediments at sub-bottom depths of 1085 and 1160 m have distinctly
lower δ13C values (– 12.2 and - 12.9%o) than Neogene siderites, associated with abundant biogenic methane in the pore
space (-8.9 to 1.7%o between 330 and 780 m depth). Since no isotopic zonation could be detected within individual
nodules, we assume that the isotopic composition reflects more or less geochemical conditions at the present burial
depth of the carbonate nodules. Carbonates did not precipitate within the zone of sulfate reduction (approximately 0.01
to 10 m), where all of the pyrite was formed. The oxygen isotope composition indicates precipitation from seawater-de-
rived interstitial waters. The δ 1 8 θ values decrease with increasing burial depth from + 5.1 to - 1.2%o, suggesting succes-
sively higher temperatures during carbonate formation.

INTRODUCTION

Deep-sea drilling data have revealed that siderite is
quite common in rapidly deposited, organic-matter-rich,
hemipelagic mudstones and black shales along the North
Atlantic continental margins. For example, siderite has
been reported from the mid-Cretaceous black shales and
Miocene claystones of Sites 105 and 101 (Leg 11, Lance-
lot et al., 1972; Jansa et al., 1979), from Cenomanian
black, zeolitic, carbonaceous shales of Site 144 (Leg 14,
Berger and von Rad, 1972), from the Hauterivian or-
ganic-matter-rich prodelta mudstones of Site 397 (Leg
47A, Einsele and von Rad, 1979), and from the Neo-
gene hemipelagic claystones of Site 388 (Leg 44; Ben-
son, Sheridan, et al., 1978; Asquith, 1979). Wada et al.
(1982) described calcite, magnesian calcite, dolomite, and
rhodochrosite nodules, formed in the methane-rich lay-
er beneath an H2S/methane layer in the Middle Ameri-
ca Trench area in the eastern Pacific (Leg 66), and Wada
and Okada (1983) the same type of authigenic carbon-
ates from the Japan Trench (Leg 56).

The occurrence of abundant, complex Fe-Mn carbon-
ate (siderite, manganosiderite, rhodochrosite) nodules,
burrow fills, and layers in the middle Miocene to Plio-
cene hemipelagic claystones of lithostratigraphic Subunits

1 van Hinte, J. E., Wise, S. W., Jr., et al., Init. Repts. DSDP, 93: Washington (U.S.
Govt. Printing Office).

2 Addresses: (von Rad) Bundesanstalt für Geowissenschaften und Rohstoffe, Postfach
51 01 53, D-3000 Hannover 51, Federal Republic of Germany; (Botz) Geologisch-Palàontolo-
gisches Institut, Universitàt Kiel, Olshausenstr. 40, D-2300 Kiel, Federal Republic of Germany.

IA-IC was a spectacular discovery at Site 603, drilled on
the outermost continental rise off Cape Hatteras, North
Carolina. Similar Fe-Mn carbonate concretions were al-
so found in the Eocene radiolarian claystone, in the Co-
niacian to Maestrichtian variegated claystone, and in
the Aptian-Turonian black carbonaceous claystone (see
Fig. 1).

In general, siderite (FeCO3) is precipitated during "ear-
ly" diagenesis at slightly negative Eh (about 0.2 to 0.4
V), at intermediate pH (6 to 8), and in the presence of
abundant Fe+ + and high pCO2 (partial pressure of CO2),
but very low S~ ~ concentrations in the pore water (Gar-
rels and Christ, 1965; Berner, 1971). Siderite forms at
low Eh and moderate to low pS~~ (Fig. 2). In marine
sediments, low Eh conditions are normally not associ-
ated with high pS~~, (i.e., low S~~ concentration in
pore water), because low Eh resulting from anaerobic,
bacterial decomposition of organic matter almost always
includes the reduction of sulfate to H2S and the precipi-
tation of pyrite (Berner, 1971). However, below the zone
of sulfate reduction, high pS~ ~ can be expected. Thus,
siderite may form in marine sediments below the zone
of sulfate reduction, if the pCO2 is high enough (Fig. 3).
In Hole 603C, siderite starts to appear below a sub-bot-
tom depth of around 120 m, where the early diagenetic
formation of pyrite related to sulfate reduction has prob-
ably been completed.

Authigenic rhodochrosite (MnC03) is the pelagic car-
bonate most resistant to solution. It commonly occurs
in sediments deposited slightly below the calcite com-
pensation depth (CCD) in which oxidized (reddish brown)
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Figure 1. Generalized lithostratigraphy of the upper part of Site 603, also showing the occurrence and abundance of Fe-Mn carbonate nodules, py-
rite concretions, carbonate content (shipboard data, P. Meyers), and gas escape structures. Arrows indicate location of investigated authigenic
carbonate samples. R/S = rhodochrosite/siderite; T = Turonian. Abundance scale: R, rare = 1-3; C, common = 4-7; F, frequent = 8-11; A,
abundant = 12-15; VA, very abundant = > 15 siderite layers or nodules per core.
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Figure 3. Eh-log pCO 2 diagram for Fe oxides and siderite in marine
sediments. T = 25°C, p-total = 1 atm, a C a = 10" 2 5 8 , equilib-
rium with calcite assumed. O 2 and H 2 represent areas where water
is thermodynamically unstable relative to the respective gases. The
value for pS ~ " is assumed to be so high that pyrite and pyrrhotite
do not plot stable (cf. Fig. 2). After Berner (1971).

and partially reduced (greenish gray) sedimentary facies
zones alternate (Berger and von Rad, 1972). A prerequi-
site for its formation is a sufficient supply of organic-
carbon-rich (or displaced calcareous) material in the green-
ish clay facies to reduce the M n 4 + to M n + + and provide
the necessary CO 2 for the precipitation of MnCO 3.

The transitional manganosiderite exists between the
end-member carbonates (FeCO3 and MnCO3 (Fig. 4).
Isomorphous cation substitution (mainly Fe, Ca, Mg) is

AUTHIGENIC Fe-Mn CARBONATES, SITE 603

CaCO.

MnCO

CaCO.

Figure 4. Semiquantitative composition of the authigenic carbonates
siderite (S), manganosiderite or oligonite (MnS), dolomite (D) and
rhodochrosite (R), investigated in Site 603 cores. Minerals are pro-
jected on each face of the CaCO3-FeCθ3-MnCO3-MgCθ3 tetra-
hedron (after Tassé and Hesse, 1984). A = ankerite, C = calcite,
MnC = manganocalcite (minerals studied in this chapter are
shaded).

very common in these minerals (e.g., Tassé and Hesse,
1984).

OCCURRENCE (Table 1, Figs. 1, 5-10)

Diagenetic Fe-Mn carbonate (mainly siderite) nodules,
burrow fills, and discrete layers occur at Site 603 (Holes
603B and 603C), especially in the mid-Miocene to Plio-
cene hemipelagic claystone of Unit I (Figs. 5 and 6).
However, disseminated rhodochrosite also occurs spo-
radically in the upper Paleocene to mid-Eocene radio-
larian claystone Unit II (Fig. 7A), and discrete rhodo-
chrosite layers occur in the Coniacian to Maestrichtian^)
variegated claystone Unit III (Fig. 7B). A manganosid-
erite nodule was observed in the Aptian-Turonian black
carbonaceous claystone Unit IV.

The diagenetic Fe-Mn nodules and layers appear be-
low a burial depth of about 120 m (Core 603C-15) and
become more abundant below a depth of about 450 m,
where CaCO3 percentages approach zero (Fig. 1). Two
rather indistinct siderite maxima can be noted, one from
400-580 m and one between about 690 and 950 m, at
the base of Subunit IC.

Pyrite concretions are especially abundant from 0-
450 m, between 600 and 700 m, and in the Aptian-Albi-
an black carbonaceous claystone (Unit IV) between 1120
and 1215 m. We note an indistinct negative correlation
between the abundance of pyrite and siderite in Site 603,
but siderite and pyrite may coexist, because the earlier
formed pyrite remains stable at conditions under which
only siderite is being precipitated.

At Site 603, authigenic Fe-Mn carbonates occur (1)
as scattered, silt-sized, siderite crystals, forming minor
admixtures (less than a few percent) in the hemipelagic
silty clay stones of Unit I; (2) as tiny specks, scattered
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Table 1A. Texture, composition (optical and XRD analysis), and geochemistry of Site 603 Fe-Mn carbonate samples (see also Fig. 1).

Sample
(interval in cm)

Hole 603

15-5, 85
20-2, 8-10
24-6, 73-75
26-1, 81-83
46-2, 56-60
50-3, 122-124*
50-3, 122-124b

50-3, 128-130*
50-3, 128-130b

Hole 603B

5.CC

21-4, 121-122
29-2, 41
29-2, 90
37-2, 0-5

Approx.
sub-bottom
depth (m)

330
450
525
560
740
780

780

831
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1085
1085
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Table IB. Stable isotope composition, SEM data, petrography, and age of Site 603 Fe-Mn carbonate samples.

Sample
(interval in cm)

Hole 603

15-5, 85

20-2, 8-10

24-6, 73-76

26-1, 81-83

46-2, 56-60

50-3, 122-124

50-3, 128-130

Hole 603B

5,CC

21-4, 121-122

29-2, 41

37-2, 0-5

Analyzed part
of nodulea

Bulk

Bulk
Core
Rim

Bulk
Core
Rim

Bulk
Core
Rim
Rim

Bulk

Bulk
Core
Rim
Rim

Bulk

Bulk

Bulk

Bulk

Stable isotopes
(‰ PDB)

δ l 3 C

-7.9

-7.4
-8.9
-7.7

-0.2
-0.2
+ 0.7

-1.6
-2.8
-3.2
-3.5

+ 1.7

+ 0.6
-0.7
-0.7
-0.6

+ 0.8

-12.2

-12.9

δiso

+ 5.1

+ 5.7
+ 5.5
+ 5.6

+ 4.6
+ 4.6
+ 4.7

+ 4.8
+ 4.5
+ 4.5
+ 4.7

+ 3.8

+ 3.7
+ 3.1
+ 3.3
+ 3.1

+ 3.9

0

-1.2

Size of
rhombs
(µm)

2-5

1-5

2-7

1-2

5-10

5-20

SEM analysis

Elemental
composition
of diagenetic
carbonates'3

Mn-sid:Fe>Mn,
? protodolomite

s id :Fe»Mn>
Mg>Ca.

Coccoliths

sid:Fe»Mg, Mn, ca;
Coccoliths

rh; lep
Mn>>Fe>Ca, Mg

rh
Mn>>Ca, Mg

Mn-sid
Fe>Mn, (Ca)

Petrography

sid nodule

sid concretion
(burrow fill)

Large sid
nodule

sid with relict clay
matrix in elongate
flaser structure

Clay-min.-pyr-q-
foram. and rad.
ghost-bearing sid
concretion

sid concretion (b) in
silty claystone (a)

q-pyr-sil-org. bearing
clayst. (a) with sid
micronodules (b)

Opal-cemented, Mn-sid-
bearing glauc.-rich
sandstone

rh rad. rich porcella-
neous clayst.

rh nodule (3 mm)
Zeolite-q-rh-bearing

claystone

sid nodule

Age

early Pliocene

late Miocene

Middle to
early late
Miocene

?middle Miocene

late Paleocene-
early middle Eocene

Cenomanian to
Coniacian

Aptian/Albian

Lithostra-
tigraphic

unit/subunit

IA

IB

IC

II

III

IV

Note: lep = opal-CT lepispheres; pyr = pyrite; q = quartz; rh = rhodocrosite (MnCθ3); sid
|* Refers to isotopic analysis.

Estimated from energy-dispersive spectral analysis.

= siderite (FeCθ3); Mn-sid = manganosiderite (Mn, Fe)Cθ3

crystals, fibroradiated twinned crystals, or micronodules
(Fig. 7A; Figs. 9C-E; (3) as nodules or burrow fills,
— 0.5-3 cm in diameter, often concentrated in discontin-
uous layers (Fig. 5D); (4) as large concretions, 15-20 cm
in diameter (only in cores 603-46 to -48; Fig. 5A, B;
Fig. 6A); (5) as discrete, more or less burrowed layers
(Fig. 5C); Fig. 6B, top); (6) as layers of many individual
(1-3 mm), scattered concretions, probably burrow fills
(Fig. 6B).

The small siderite nodules may appear homogeneous.
The large siderite nodules or layers, however, invariably
show streaked-out burrow structures (Fig. 5C), or even a
knobby-botryoidal surface, possibly related to a large
burrow, filled by crustacean(?) fecal pellets (Fig. 5A, B).
Some siderite concretions have the irregular shape of a
branching, tubelike burrow. Figure 6B shows two differ-
ent types of bioturbation structures which were diage-
netically sideritized, a 3-cm-thick layer with large, irreg-

ular burrows and a 5-cm-thick layer with much smaller
(2-5 mm), siderite-filled burrows.

METHODS

Fe-Mn carbonate concretions found at Site 603 were studied by

optical microscopy, X-ray diffraction (XRD), scanning electron mi-

croscopy (SEM) using an energy-dispersive X-ray spectrographic at-

tachment, and analysis of stable isotope composition. We investigated

nine thin sections to study the texture and composition of siderite/

rhodochrosite nodules and layers (Table IA, Figs. 8-10).

X-ray diffraction analyses were performed by Dr. H. Rösch (BGR,
Hannover) on 12 samples using a Philips X-ray diffractometer (Table
IA). By identifying the (1011) or d104 reflecting planes of the authi-
genic carbonates it was possible to determine the presence of rhodo-
chrosite (2θ CuKα = 31.5°) or of siderite (2θ CuKα = 32.0°).

An isomorphous mixture of the two end-member carbonates,

"manganosiderite" (603B-15-5, 85 cm; 603B-37-2, 0-5 cm), is charac-

terized by a 2θ value of 31.8°, corresponding to a Mn-content of up

to 9%. An isomorphous partial substitution of Fe by other cations,

for example, Ca or Mg, may, however, complicate estimation of the

carbonate chemistry from XRD analysis (see Fig. 4). Sample 603-15-5,
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85 cm contains a dolomite which may be Fe-Mn-rich, as indicated by
a shift of the characteristic 2θ peaks. Sample 603-20-2, 8-10 cm con-
tains stoichiometric dolomite with a Ca:Mg ratio of 1:1.

Six diagenetic carbonate samples were investigated under a Sie-
mens-ETEC Autoscan scanning electron microscope with an energy-
dispersive X-ray spectrographic attachment to study the elemental
composition of the crystals (see Table IB; Figs. 8, 10).

Stable isotopic ( δ 1 8 θ and δ I 3C) analyses were made from 19 sam-
ples (18 siderites, 1 rhodochrosite; see Table IB). A large piece of the
bulk sample was ground and analyzed for all samples. If enough ma-
terial was available, we also analyzed additional samples, representing
the core and the rim of the nodules. The samples were reacted with
100% phosphoric acid at 80°C to produce CO 2 gas for isotopic analy-
sis. Applying this method, only the δ 1 8 θ values had to be corrected by
+ 1.4‰ (the δ 1 3C values were identical for the standard CO 2 collected
from the reaction at 25°C and 80°C, respectively). The δ 1 8 θ correc-
tion factor of + 1.4‰ was determined by reaction of a Solnhofen lime-
stone standard with phosphoric acid at 80°C, resulting in a δ 1 8 θ value
1.4%o more negative than the δ 1 8 θ value for the same standard reacted
at 25CC. The standard deviation for the isotopic analysis was 0. l%o for
carbon and O.2%o for oxygen. The measurements were carried out with
a Varian MAT 250 mass spectrometer.

PETROGRAPHIC AND CHEMICAL RESULTS

The bulk (90-97%) of most siderite nodules consists
of a homogeneous, equigranular, cryptocrystalline (1-2
µm) matrix of siderite, with a few percent of detrital
quartz, mica, glauconite, organic matter, and clay min-
erals. Framboidal pyrite, apparently older than the sid-
erite, may occur in the nodules (Fig. 8B). Sometimes, a
few foraminifers (Fig. 8D) or "ghosts" of radiolarian
tests replaced by opal-CT may be present.

Sample 603B-5,CC is a glauconite-rich quartz sand-
stone, with manganosiderite rhombs (3 µm in diameter)
surrounded by a younger opal cement (Fig. 9A, B).

A radiolarian-rich porcellaneous claystone (Sample
603B-21-4, 121-122 cm) contains conspicuous, scattered,
fibroradiated twins of rhodochrosite crystals in a silici-
fied (opal-CT) clay matrix (Fig. 9C, D, E; Fig. 10A). We
observed euhedral individual crystals (50-300 µm), ag-
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Figure 6. Siderite layers and sideritized burrow structures. A. Thick (17 cm) siderite layer (or large concretion). Note relict structure of incompletely
sideritized claystone at base and bioturbation structures. Sample 603-46-2, 40-69 cm. B. Top shows 3-cm thick, massive, siderite layer with large
elongate bioturbation structures. At base, thick layer in which only the 2-5 mm large burrows became sideritized. Sample 603-50-3, 115.5-129.5 cm.

gregates of small crystals (50 µm) with a predominantly
triangular cross section, and rosette-shaped clusters of
crystals (maximum size > 1 mm). The rosette-shaped
crystals have a dark nucleus from which stalky crystals
with subparallel edges grow outward (H. Schmitz, per-

sonal communication, 1984). The recrystallization, which
resulted in a wavy extinction under crossed nicols, is like-
ly to have occurred before the host sediment was consol-
idated, as is indicated by the orientation of sediment
particles visible under first-order-red illumination.
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Figure 7. Rhodochrosite. A. Scattered, tiny rhodochrosite crystals (mostly twins, see Fig. 9) in Eocene greenish gray, zeolite-rich, radiolarian clay-
stone, Sample 603B-21-4, 117-127.5 cm. B. Discrete, 4-cm thick, white zeolite-, quartz-, and rhodochrosite-bearing smectite layer (possibly an al-
tered ash) in Cenomanian to Coniacian variegated claystone, Sample 603B-29-2, 83-97.5 cm.

The rhodochrosite nodules (e.g., Sample 603B-29-2,
41 cm; Fig. 10B) have much larger (5-10 µm) carbonate
rhombs than the siderite nodules. Sample 603B-37-2,
0-5 cm is a rhodochrosite nodule with a late diagenetic
cobblestone-type cement of large (80 µm), interlocking,
anhedral to subhedral crystals (Fig. 10C, D).

The composition of the carbonate rhombs was semi-
quantitatively estimated by an energy-dispersive X-ray
spectrographic attachment to the SEM (Table 1). "Pure"
siderites (FeCO3) and rhodochrosites (MnCO3) are rare
(rhodochrosite: 603B-29-2, 41 cm; siderite: 603-46-2,
56-60 cm). The two uppermost samples of Hole 603 con-
tain "manganosiderite" and dolomite, according to XRD
analysis, although no pure Ca-Mg carbonate could be
verified under the SEM (Table 1). However, some car-
bonate rhombs have the general composition Fe > Mg
> Ca, Mn, whereas most rhombs appear to be man-
ganosiderite (with Fe > Mn > Mg,Ca). Most other sam-
ples consist of isomorphous mixtures of the Fe-Mn car-
bonate series, that is, manganosiderite with Fe > Mn
(Fig. 4).

It is now well established that complex, marine, au-
thigenic carbonates form preferentially in organic-mat-
ter-rich sediments, which were either deposited under
anoxic conditions or became reducing shortly after sedi-
mentation, and in which Mn and Fe oxides and hydrox-
ides were remobilized in the reducing diagenetic envi-
ronment of the methanogenetic zone (Wada et al., 1982;
Gautier, 1982; Wada and Okada, 1983; Tassé and Hesse,
1984). To form the authigenic carbonates siderite, man-
ganosiderite, and rhodochrosite, high Fe+ + and Mn+ +

concentrations in the pore water, a high bicarbonate al-
kalinity, and a very low S~ ~ concentration are required.
Sulfide disappears below the bacterial sulfate reduction
zone (Fig. 11), where most of the S~ ~ is used up by the
precipitation of pyrite. High interstitial metal concen-
trations, especially Fe+ + and Mn+ + , are typical for hemi-
pelagic sediments in which terrigenous Fe oxides and hy-
drogenetic or diagenetic Mn oxides were remobilized in
a reducing diagenetic environment. The high CO3~ ~ con-
centrations in the pore waters usually result from the
degradation of organic matter, although the dissolution
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Figure 8. Photomicrographs and scanning electron micrographs of siderite nodules. A. Well-developed manganosiderite
rhombohedra in a lower Pliocene authigenic carbonate nodule. Composition is Fe > Mn, with traces of Ca and Mg.
Sample 603-15-5, 85 cm (SEM 1619/12, 7000 ×). B. Relict framboidal pyrite concretion in siderite nodule, Sample
603-46-2, 56-50 cm. C. Spherical concretion (possibly sideritized radiolarian?) in siderite nodule, Sample 603-46-2,
56-60 cm (SEM 1623/9, 3000×). D. Siderite concretion (dark matrix, right-hand side) with well-preserved small fora-
minifer. The nodule is surrounded by hemipelagic quartz-bearing porcellaneous radiolarian claystone. Sample 603-50-3,
122-124 cm. E. Scanning electron micrograph of same specimen in D, showing ideally developed siderite rhombs (Fe
» Mn, traces of Mg) replacing the original claystone (note relict clay minerals (SEM 1624/2, 3000 ×). F. Same nodule
as D and E; note siderite rhombs growing on (and partly replacing) corroded Coccolith and replacing smectite flakes
(SEM 1624/3, 3000 ×) .
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Figure 9. Photomicrographs of manganosiderite and rhodochrosite. A. Turbiditic glauconite-rich quartz sandstone, first ce-
mented by manganosiderite that was later replaced by dense opal cement, Sample 6O3B-5,CC. B. Detail of A, showing
relict manganosiderite rhombs in opal cement with quartz and glauconite grains. C, D, F. Scattered rhodochrosite crys-
tals and fibroradiated spherulitic twins in a Cenomanian to Coniacian zeolite-quartz-bearing claystone, Sample 603B-21-4,
121-122 cm.
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Figure 10. Photomicrographs and scanning electron micrographs of rhodochrosite and manganosiderite. A. Rhodochrosite rhombs in ra-
diolarian-rich porcellaneous claystone, Sample 603B-21-4, 121-122 cm (SEM 1624/12, 2000 ×). B. Large rhodochrosite rhombs in Ce-
nomanian to Coniacian rhodochrosite nodule, Sample 603B-29-2, 41 cm (SEM 1920/4, 6000 ×). C. Large manganosiderite rhombs in
Aptian to Albian Fe-Mn carbonate nodule, Sample 603B-37-2, 0-5 cm (SEM 1620/6, 600 ×). D. Photomicrograph of same specimen
as C, showing cobblestonelike mosaic of late-diagenetic, sparitic, anhedral to subhedral manganosiderite cement.

of biogenic CaCO3 by the lowering of pH during the de-
cay of organic matter may also contribute to raising the
alkalinity.

ISOTOPIC RESULTS

Figure 11 shows a schematic model of diagenetic zones
in anoxic sediments, as well as hypothetical trends in
isotopic composition of diagenetic carbonates formed
at various depths (after Claypool and Kaplan, 1974; Ir-
win et al., 1977; Irwin, 1980; Pisciotto and Mahoney,
1981; Keltz and McKenzie, 1980, 1982). Four diagenetic

zones are generally recognized, from top to base: (1) a
bacterial oxidation zone, (2) a bacterial sulfate reduc-
tion zone, (3) a carbonate reduction and fermentation
zone, and (4) a deep zone in which thermal processes
cause the degradation of organic matter. Shallow, aero-
bic, microbial oxidation and anaerobic sulfate reduction
can result in negative δ1 3C values as low as - 21%o Posi-
tive δ1 3C carbonate values (to + 15%o) can be found be-
low this zone, where CH 4 generation by CO 2 reduction,
occurring after dissolved sulfate has disappeared, results
in residual 13C-rich bicarbonate. Thermocatalytic decar-
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Figure 11. Schematic model of diagenetic zones in anoxic sediments and hypothetical trends in isotopic
composition of authigenic carbonates (modified after Kelts and McKenzie, 1982; based on data of Clay-
pool and Kaplan, 1974; Irwin et al., 1977; Irwin, 1980; and Pisciotto and Mahoney, 1981). Arrows indi-
cate characteristic trends.

boxylation at greater depth can result in isotopically light
CO2 and, therefore, the δ1 3C of authigenic carbonates
may decrease again as depth increases. Alternatively, the
δ13C carbonate values may decrease with increasing depth
when a closed-system gas reservoir is depleted in 1 3C by
isotopic fractionation between the dissolved CO2 and the
precipitated carbonate (Kelts and McKenzie, 1982).

Figure 12 shows the carbon and oxygen isotope com-
position of the Fe-Mn carbonate nodules investigated.
The δ1 3C values show a more or less systematic increase
from - 7.9%o at a depth of ~ 330 m to +1.7%0 at ~ 740
m. The δ1 3C values then decrease again and reach their
most negative value, - 12.9%o, at a depth of 1160 m.
The δ 1 8 θ values systematically decrease from values in
the range of + 5 to 6%o (at 300 to 500 m) to - 1.2‰ (at
1160 m). Figure 12 and Table IB show that each siderite
nodule has a more or less homogeneous isotopic com-
position. The maximum variation in δ1 3C between the
rim and the core of an individual nodule is 1.2%o. The
δ 1 8 θ values show no variations whatsoever among dif-
ferent zones of the same nodule.

δ 1 3 C Values

The systematic variations in the δ1 3C values of the
diagenetic siderites investigated during this study (Fig.
12) are very similar to the hypothetical trend in isotopic
composition (Fig. 11). Although the δ1 3C values of the
siderites occurring within the zone of maximum meth-
ane abundance at 700-800 m burial depth are not so
positive as shown in Figure 11 (we found δ1 3C values on-
ly up to + 1.7%o only, whereas Figure 11 shows maxi-
mum values of + 15%o), it is likely that the shift toward
more positive δ1 3C values in the siderites between 330
and 780 m depth is the result of methane formation by
CO2 reduction. During this process, H 1 2 CO 3 ~ is prefer-
entially removed by microbial metabolic processes, re-

sulting in an enrichment of 1 3 C in the residual HCO 3 ~.
The actual δ1 3C value of diagenetic carbonate depends
upon the amount of CO2 reduced (Claypool and Kaplan,
1974). Claypool and Kaplan (1974) noted that the most
commonly observed change in the δ1 3C of dissolved bi-
carbonate in DSDP sediments during the early stage of
methane production is from about - 23%o to about + 5%o.
The shift in the δ1 3C values of our samples falls into this
range.

The homogeneous δ1 3C values within individual sid-
erite nodules indicate that our nodules did not continue
to grow over an extended period of time. Therefore, the
depletion in 1 3C in the depth interval between 800 and
1200 m might be due to the addition of isotopically light
CO2 at a faster rate than CO 2 was removed by CH 4 pro-
duction (Claypool and Kaplan, 1974). This explanation
is more likely than the one which postulates that deple-
tion in 1 3 C occurred in a closed-system gas reservoir by
isotopic fractionation between the dissolved CO2 and the
precipitated carbonate (Kelts and McKenzie, 1982).

If the nodules had nucleated at a lower burial depth
and had continued to grow during burial (i.e., during
a variety of geochemical conditions), they would have
passed the δ1 3C diagenetic pathway shown in Figure 11
and, consequently, in the case of carbonate formation
during early stages of methanogenesis, their cores should
have lower δ1 3C values than their rims (R. Hesse, per-
sonal communication). Since we did not detect any iso-
topic zonation within the nodules (Table IB), we assume
that they formed in the same geochemical zone in which
they occur today. This means that the δ values roughly
reflect geochemical conditions at the present burial depth.
This agrees with the observations of Wada and Okada
(1983), who also found that magnesian calcite, Mn-cal-
cite, dolomite, and rhodochrosite nodules from the Ja-
pan Trench were authigenically formed near the position
where they are found.
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δ 1 8 θ Values

The δ 1 8 θ values of the siderite samples (Fig. 12) de-
crease with depth and follow the hypothetical δ 1 8 θ trend
shown in Figure 11. The negative δ 1 8 θ shift probably re-
flects the increase in temperature with depth. However,
the δ 1 8 θ values of interstitial waters can also vary: many
δ 1 8 θ profiles of interstitial waters at DSDP sites begin
with O%o at the sediment/water interface and show an
average depletion gradient of about -O.5%o per 100 m
of burial depth (Lawrence et al., 1975). This holds true
for sediments rich in volcanogenic material or for diffu-
sion-controlled profiles (R. Hesse, personal communi-

cation, 1985), neither of which are likely to be applica-
ble at Site 603.

Figure 12 shows a variable gradient of δ 1 8 θ versus
depth: the δ 1 8 θ values of siderites found in the depth in-
terval between 300 and 800 m (Unit I) are positive and
differ only by 2 to 3%o; the siderites in the depth range
of 1085 to 1160 m, however, have δ 1 8 θ values 4 to 5%o
lower than the siderites found between 740 to 780 m
depth. To our knowledge, the equilibrium-fractionation
factors of siderite have not yet been established; the iso-
topic composition of the pore water from which the car-
bonates precipitated is also unknown. Using the rela-
tionship for calcite and water (Epstein et al., 1953), the
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formation temperatures of the siderites can be roughly
estimated from their δ 1 8 θ values. The siderites in the in-
terval 330 to 780 m have estimated formation tempera-
tures of less than 5°C. The siderites between 1085 and
1160 m depth, however, have formation temperatures
around 20°C (assuming δ 1 8 θ H 2 O = 0%0). Kelts and
McKenzie (1982) suggested that carbonates nucleate at a
certain burial depth and then continue to grow with in-
creasing burial. Thus the calculated temperatures would
not be in situ temperatures strictly speaking, since only
the outermost rim of the siderites represents the actual
in situ environment. However, the isotopic homogeneity
of the individual nodules (Table IB) indicates that this
does not hold true for the carbonate nodules investi-
gated during this study. In particular, the δ 1 8 θ values do
not show any variation within a single nodule. Thus, the
temperatures calculated (0-20°C) should be correct, if
the assumption is right that the pore water had a δ 1 8 θ
value of O%o. The actual in situ temperatures measured
at Site 603 by thermoprobe (Site 603 chapter, this vol-
ume) are indeed considerably higher than those calcu-
lated from the δ 1 8 θ values (Fig. 11). This indicates that
the isotopic composition of the pore water during sider-
ite formation was >O%o.

CONCLUSIONS

Tentatively, we suggest the following sequence of for-
mation for sulfides and authigenic carbonates:

1. Pyrite was precipitated in the zone of bacterial
sulfate reduction a few centimeters to a few tens of me-
ters below the seafloor, where sulfate is reduced to sul-
fide and organic matter oxidized by microbial activity.
Pyrite, which occurs with variable abundance at depths
between 100 m and the base of Site 603, was mainly
formed during early diagenesis at shallow burial depths.
Pyrite remained stable during the subsequent precipita-
tion of siderite nodules (Plate 4B).

2. According to XRD analysis, the youngest and up-
permost authigenic carbonate nodules consist of man-
ganosiderite and poorly ordered dolomite (Table 1A;
Fig. 1). Dolomite (which could not be identified by ele-
mental analysis under the SEM) is commonly the first
early diagenetic carbonate to be precipitated between a
burial depth of a hundred to a few hundred meters,
where Mg + + (and Ca + + ) concentrations in the pore wa-
ter have their maximum (see also Tassé and Hesse, 1984).

3. All carbonate nodules below 500 m burial depth
in the Neogene hemipelagic claystones consist only of
siderite (with Fe » Mn and only traces of Mg and Ca)
or manganosiderite (Table 1). The oxygen isotope com-
position of the Fe-Mn carbonate nodules proves their
marine origin, and the carbon isotope composition sug-
gests that they were precipitated during burial of a few
hundred meters and were affected by CO2 reduction dur-
ing methanogenesis (Fig. 11). The measured δ1 3C val-
ues increase systematically with sub-bottom depth from
-8.9 (450 m) to + 1.7‰ (740 m), probably because of
the preferential removal of 1 2 CO 2 during the formation
of bacterial methane. The maximum of methane (and
CO2) outgassing in our cores (Site 603 chapter, this vol-

ume) also coincides with the most positive δ1 3C values
(Fig. 12). There is little evidence to support a CO2 source
from the dissolution of biogenic CaCO3 as precursor of
siderite: Site 603 passed through the CCD about 6 Ma
ago, but the uppermost siderite occurs at a sub-bottom
depth of 120 m, where CaCO3 contents still range be-
tween 10 and 25%o. A few relict coccoliths even occur in
the facies of Subunit IC below the CCD. The fact that
calcareous nannoplankton is sometimes preferentially pre-
served in burrows suggests that, near the CCD, CaCO3

may on occasion be locally preserved below the sedi-
ment/water interface, if it is rapidly removed by bur-
rowing organisms (S. Wise, personal communication,
1983). It is interesting to note that these coccoliths have
been partly replaced by the authigenic siderite rhombs
at the expense of calcite (Fig. 8F). The original manga-
nosiderite cement of the sandstone Sample 603B-5,CC
(Fig. 9A, B) might be due to sporadic supply of carbon-
ate material by turbidity currents down into an environ-
ment below the CCD and the subsequent replacement of
calcite by manganosiderite.

Therefore the main CO 2 source for the authigenesis
of carbonates was the microbiological degradation of
organic matter during burial, resulting from CO 2 reduc-
tion by the onset of methane production (Fig. 11). Where-
as scattered siderite crystals occur in most hemipelagic
claystones of Unit I, siderite nodules were preferentially
precipitated in the microenvironment of burrows or fe-
cal pellet concentrations which were rich in organic mat-
ter. Yellowish white siderite concretions often mimic a
variety of much earlier formed bioturbation structures
(Figs. 5, 6). Siderite was also rarely precipitated as ce-
ment in turbiditic sandstones, possibly because these lay-
ers are more permeable to migrating pore fluids.

Since there is no consistent downhole increase of nod-
ule size and no isotopic variation between core and rim,
we assume that the nodules grew during the past few
million years and represent more or less the geochemical
conditions of the present burial depth.

4. Rhodochrosite (MnCO3) occurs only in the Paleo-
gene to Upper Cretaceous Units II and III, at a burial
depth between 1015 and 1085 m. According to the gen-
eral δ1 3C trend of diagenetic carbonates (Fig. 11) toward
more negative values, the analyzed sample possibly be-
longs to the zone where CO 2 contributions from ther-
mocatalytic processes have already occurred (Fig. 11).
In the variegated claystones of Unit III, manganese nod-
ules characteristically occur in the reddish brown, well-
oxidized facies and rhodochrosite nodules in the green-
ish gray, more organic-carbon-rich, partially reduced fa-
cies. Apparently Mn oxides were the precursors of the
Mn carbonates which formed after reduction of M n 4 +

to Mn + + with decreasing Eh. The incipient growth of
individual crystals and small (3-mm diameter) nodules
were both observed (Table 1). The considerably larger
size of the rhodochrosite rhombs, as compared with the
cryptocrystalline Tertiary (mangano)-siderite, suggests a
later diagenetic origin for the rhodochrosite.

5. A late diagenetic micro- to macrocrystalline man-
ganosiderite nodule was found in the Aptian-Turonian
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black carbonaceous claystones (Unit IV). Again, its nega-
tive δ1 3C value suggests a contribution of CO 2 derived
from thermocatalytic processes.
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