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33. OXIC VS. ANOXIC DIAGENETIC ALTERATION OF TURBIDITIC SEDIMENTS 
IN THE MADEIRA ABYSSAL PLAIN, EASTERN NORTH ATLANTIC1

Gert J. De Lange2

ABSTRACT

Upon deposition, downward diffusing oxygen results in the “burn-down” of the upper part of organic-rich turbidites in
Madeira Abyssal Plain. This oxidation front is terminated after a few thousand years, on average, at the moment of dep
of the next turbidite. These initially homogeneous sediments form an excellent setting for studying long-term organic ma-
mineralization processes to establish the extent and possible selectivity of oxic vs. anoxic degradation of organic mat
natural environment. Samples for this study have been taken from the oxidized upper part and the unoxidized lower pa
42 to 280 meters below seafloor) of 13 organic-rich turbidites 1.2–14 m.y. old. The organic fraction in the lower part of org
rich turbidites has remained virtually unchanged for periods as long as 14 m.y. under suboxic to anoxic conditions. In co,
dramatic changes have occurred during the post-depositional oxidation of sediments in the tops of the same turbidites 
gen. This has resulted in a large decrease in the organic carbon (−80%) and total nitrogen content (−50%) of the upper, relative
to the lower, parts of these turbidites. In addition, this oxidation process has resulted in a 13Corg that is, on average, 1.5‰ more
negative and a 15Ntot that is 1.3‰ more positive in the upper oxidized samples than it is in the lower unoxidized ones f
within the same turbidite. The seemingly selective preservation of organic matter that is low in C/N and has a relatively neive
13Corg is usually interpreted as being indicative of better preservation of terrestrial organic matter relative to marine organi-
ter. However, it could equally be explained by the different preservation of certain marine compounds with, on averag
tinctly different 13Corg and C/N ratios. Furthermore, a decrease is observed in the total carbonate content, which is related
to the oxidation of organic matter and S-compounds. For some samples, however, it may also be related to a more sha
bonate compensation depth and/or some bioturbation during the downward oxidation process. Major and minor elemen
positions of sediments do not seem to be affected by the oxidation process if they are normalized to Al. Sulfur is the
exception. Upon oxidation, the reduced (mostly pyrite) S-compounds produce acid and sulfate, which dissolves carbon
diffuses away in the pore water, respectively.
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INTRODUCTION

Madeira Abyssal Plain (MAP) sediments deposited during the last
10 m.y. consist predominantly of meter-thick turbidites interbedded
with thin layers of pelagic sediment (Weaver and Kuijpers, 1983;
Kuijpers and Weaver, 1985; Weaver and Rothwell, 1987; Weaver et
al., 1992; Schmincke, Weaver, Firth, et al., 1995; Rothwell et al.,
Chap. 28, this volume; Weaver et al., Chap. 38, this volume). The
chemical composition of the turbiditic sediments is determined main-
ly by their provenance. On the basis of geochemical data, three dis-
tinct groups of turbidites have been recognized (e.g., De Lange et al.,
1987): (1) organic-rich turbidites, (2) turbidites with a volcanic com-
ponent, and (3) carbonate-rich turbidites. The composition within the
carbonate-rich and “volcanic” turbidites is rather homogeneo
whereas that within the organic-rich turbidites is more complex 
cause of post-depositional oxidation of the top part of these tur
ites.

After emplacement, the tops of the organic-rich turbidites h
been oxidized by oxygen diffusing into the sediment from the ov
lying sea water (Colley et al., 1984; Colley and Thomson, 19
Thomson et al., 1984; Wilson et al., 1985, 1986; Thomson et
1987; De Lange et al., 1987; Van Os et al., 1993; Thomson et
1993). Consequently, the Corg content of the upper portions of som
turbidites has been decreased to very low levels (Jarvis and H
1987; De Lange et al., 1987; Prahl et al., 1989; De Lange, 1
Cowie et al., 1995).

1Weaver, P.P.E., Schmincke, H.-U., Firth, J.V., and Duffield, W. (Eds.), 1998. Proc.
ODP, Sci. Results, 157: College Station, TX (Ocean Drilling Program).

2Utrecht University, Institute of Earth Sciences, Department of Geochemistry,
Budapestlaan 4, 3584 CD Utrecht, The Netherlands. gdlange@earth.ruu.nl
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On the basis of pore-water and sediment results from the uppe
m of sediment, it was concluded that the organic matter that is p
ently decomposing under sulfate-reducing conditions (below 35 m
similar to that decomposed under oxygenated conditions in the up
35 m (De Lange, 1990, 1992a). In addition, it was shown that the 
composition rate of organic matter under oxygenated conditions
orders of magnitude higher than it is under reducing conditio
However, despite the >80% reduction in organic matter content, th
is no change in the relative values of some organic geochem
paleotemperature indicators (Prahl et al., 1989; De Lange et al., 19
Cowie et al., 1995). In contrast, the 13Corg and 15Ntot appear to change
considerably (De Lange et al., 1994; Prahl et al., 1997) and po
disappear almost entirely (Keil et al., 1994; K. Zonneveld, pe
comm., 1997). As the initial sediment composition was homog
neous for each of the fine-grained organic-rich tubidites of the MA
the observed changes can only be caused by the availability of 
solved oxygen. It appears, therefore, that a certain class of org
matter can be degraded at relatively high rates only if oxygen is av
able.

All of these results have been based on data originating from 
F-turbidite alone (emplacement ~127 ka; Weaver and Rothwe
1987). In the present study, it has been possible to extend not only
diversity (in composition and origin) of turbidites, but also the tim
interval of storage of organic matter from the late Quaternary to 
middle to late Miocene.

The homogeneous organic-rich turbidites of the MAP offer 
unique opportunity to study the stability under oxygenated conditio
of organic matter and of sedimentary constituents that are relate
organic matter. These “in situ oxidation experiments” of downwa
diffusing oxygen (lasting for 1 to 50 k.y. in the various turbidites
therefore, form the equivalent of long-term laboratory experimen
573
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under well-controlled conditions (homogenous and well-defined
composition of the sediment at the start of the “experiment”) and
the ideal basis for studying long-term decomposition of organic m
ter and related diagenetic reactions (e.g., Jumars et al., 198
Lange et al., 1994). In addition, the diversity of organic-rich turb
ites of the MAP offers an excellent possibility to study the impac
post-depositional oxidation on organic matter composition of dif
ent types and with different post-emplacement time spans of dia
esis. Moreover, the differences in oxic and anoxic (bio)degrada
that are observed contribute significantly to the ongoing debate a
the rates at which organic matter is remineralized under oxic an
oxic conditions (e.g., Canfield, 1989; Prahl et al., 1989; Pedersen
Calvert, 1990; De Lange et al., 1994).

METHODS

Samples were collected aboard the JOIDES Resolution in
geochemical bags and were stored and transported dark and 
from the ship to the shore-based laboratory at Utrecht. Subsequ
each sample was freeze-dried, homogenized by gentle mixing
split into identical subsamples for analysis of amino acids, carb
drates (Cowie et al., Chap. 34, this volume), organic geochem
macromolecules (Hoefs et al., Chap. 35, this volume), and Corg, Ntot,
CaCO3, 13Corg, 15Ntot, and inorganic composition.

The samples were then powdered, and 0.250 g was used fo
dissolution in an acid mixture of HF, HClO4, HNO3 (De Lange et al.,
1987), which, after dry evaporation, was dissolved in 50 ml of
HCl solution. Concentrations of major and minor elements were
termined using an ICP-AES Optima 3000. Standard deviations o
major elements were better than 4%; most of the minor elem
were better than 8%.

Corg, Ntot, and 15Ntot were determined on decarbonated samp
(twice in a 1 N HCl solution [Van Santvoort et al., 1996]) and in 
treated samples (Corg), using a Carlo Erba NA1500 CNS analyzer a
a con-flo 2 interface coupled Finnigan delta S mass spectrom
with dry combustion at 1800°C. Reported 15Ntot values have a preci
sion better than 0.2‰ for unoxidized samples, but lower and var
precision for oxidized samples. The percent CaCO3 was obtained by
subtracting the percent C in untreated samples from that in deca
ated samples; 13Corg was measured on decarbonated samples us
VG SIRA mass spectrometer with a precision better than 0.1‰ (
Os et al., 1996).

RESULTS AND DISCUSSION

The initial organic matter composition above and below the 
dation front in organic-rich turbidites in the MAP may be conside
identical. Therefore, these turbidites offer an excellent opportu
directly to recognize the impact of long-term post-depositional 
dation of organic matter. For this purpose, samples have been 
from 13 different turbidite intervals, referred to as ox/unox interv
1−13, over a large range of depths (Table 1), times of deposition
redox states. Intervals 2−5 and 8−10 are “suboxic,” with a diffusion-
controlled decrease in pore-water sulfate concentration and de
tion times of up to 8 Ma, whereas intervals 6−7 and 11−13 are anoxic
with low (if any) sulfate and increasing methane concentrations
deposition times of up to 14 Ma. The first sample in each of the inte
vals 2−13 originates from the oxidized top part of a turbidite. C
versely, the lower two to three samples per interval and the sin
sample from interval 1 all come from the unoxidized lower part of
same turbidite (Table 1). This configuration has been illustrated
intervals 7, 9, and 11 in Figure 1.

Each turbidite is overlain by a relatively thin pelagic interv
which, in turn, is overlain by the next turbidite. Upon deposition
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the latter turbidite, the diffusion of oxygen into the surface of 
former is instantaneously cut off, ending the period of a downw
moving oxidation front. The paleo-oxidation front then remains “f
zen” in the sedimentary record.

During the period of pelagic deposition, some bioturbative mix
has occurred in the upper part of the oxidized intervals. This mix
is visible in the contrasting colors of light bluish oxidized turbid
and white or brown to dark brown pelagic sediment. Most “oxidiz
samples seem to have been taken from below this bioturbation 
and can be considered to consist mostly, if not entirely, of oxid
turbidite material. Sample 5007 forms a possible exception.

Although sulfate reduction seems to be active below 100 me
below seafloor (mbsf) in Holes 951 and 952, a substantial part o
decrease in pore-water sulfate concentration might be attribute
methane oxidation rather than to sulfate-mediated organic m
degradation (compare De Lange, 1992a, with Schmincke, Wea
Firth, et al., 1995). The sediments in Hole 952, in particular, see
be governed by this process, as is demonstrated by the linear s
concentration vs. depth profile and the concomitant downward
crease of methane below this depth. Accordingly, post-depositi
sulfate reduction may not have changed the organic compositio
these sediments to any substantial degree. Consequently, a 
comparison between unoxidized lower and (paleo-) oxidized up
parts of even the deeper turbidites has not been changed by s
quent sulfate reduction.

Percent Corg , Percent Ntot , and Corg/Ntot Ratio

Intervals 2−13 demonstrate the expected dramatic change in
ganic matter parameters (Table 1) between the unoxidized lower
and the oxidized upper part of each turbidite. The largest chang
percent Corg occurs in intervals 7 and 8, where 86%–87% of the ini
organic C has been degraded. The smallest change appears to
in interval 11, with a 72% decrease (however, see below). In mos
tervals, the organic carbon has degraded by ~80% of its initial v
(Table 2).

The relative amount of degradation of N (average = 50%) app
to be slightly less than that for carbon, resulting in a decrease 
oxidation of the Corg/Ntot (C/N) ratio from 11 to 13 in unoxidized sam
ples to 4 to 5 in oxidized samples. Part of the N in marine sedim
is “fixed” to clay and may not be readily available for degradat
(e.g., Stevenson and Cheng, 1972; Müller, 1977; De Lange, 19
Although fixed N may compose 18%–96% of the total sedimen
N content, the quantity of Nfix for the top 35 m of the MAP organic
rich turbiditic sediments rarely amounts to 10% of the total N of 
unoxidized samples (De Lange, 1992a). Consequently, it seem
likely that the shift in the C/N ratio results from the Nfix fraction, as
determined by the commonly used Silva and Bremner (1966) ex
tion. The narrow range of C/N values is remarkable within both
oxidized and unoxidized groups of samples, despite the large r
in percent Corg values for the latter (0.5%–1.6%; Fig. 2). The corre
tion between Corg and Ntot in oxidized samples is good (R2 = 0.75, ex-
cluding sample 5007; see below), and all N seems to be related 
ganic C alone (negligible y-axis intercept). Sample 5007, the “o
dized” sample from interval 11, deviates in a number of aspects
especially for the C/N. It appears that sample 5007 is a mixture o
idized and unoxidized material which corresponds with the sam
location/core description (Fig. 1).

The excellent correlation between Corg and Ntot in unoxidized sam-
ples (R2 = 0.95), with a y-axis cut off of 0.024%, suggests that so
of the N in unoxidized samples is unrelated to organic carbon. C
paring the data in the present study with those in De Lange (19
it appears that similar results have been obtained (Table 3). Sys
atic and thus far unaccounted-for differences occur for the same 
ples analyzed by Kjeldahl and CNS analyzer techniques. Using 
bration lines for oxic and unoxic samples analyzed by the two dif



OXIC VS. ANOXIC DIAGENETIC ALTERATION OF  SEDIMENTS
Table 1. Details of sample code, lithologic unit, and results from C (organic) and N (total) analyses.

Note: @ = Ox/un-ox interval, and (#) = difference between acidified and unacidified by CNS-analyzer. 

@ Sample code ODP code
Depth 
(mbsf)

Lithologic
unit

Corg 
(%)

Ntot 
(%)

C/N 
(g/g)

15N 
(%o)

13C 
(%o)

C/N 
(M/M)

CaCO3 
(%)(#)

1 5001 GERT/950A/11H/1/118-125 95.58 Un-ox 0.52 0.057 9.1 4.7 –20.2 10.7 51.9

2 5018 COW/951A/7H/6/71-77 60.51 Ox 0.16 0.038 4.3 (5.2) –22.1 5.0 46.8
5009 COW/951A/7H/6/88-93 60.68 Un-ox 0.70 0.079 8.8 5.5 –20.6 10.3 49.1
5037 COW/951A/7H/6/103-112 60.83 Un-ox 0.69 0.079 8.8 5.5 –20.3 10.3 49.1

3 5039 COW/951A/11H/4/14-20 94.94 Ox 0.16 0.043 3.8 6.5 –21.3 4.4 44.3
5028 COW/951A/11H/4/37-46 95.17 Un-ox 0.69 0.078 8.8 5.4 –20.3 10.3 45.9
5027 COW/951A/11H/4/76-85 95.56 Un-ox 0.68 0.075 9.1 5.3 –20.1 10.6 46.2

4 5012 COW/951A/15X/3/7-15 128.07 Ox 0.26 0.054 4.8 5.9 –19.6 5.6 0.4
5040 COW/951A/15X/3/46-54 128.46 Un-ox 1.32 0.117 1.2 4.5 –19.3 13.1 8.5
5035 COW/951A/15X/3/69-76 128.69 Un-ox 1.29 0.116 1.1 4.4 –19.3 13.0 8.9

5 5036 COW/951A/19X/2/4-9 161.64 Ox 0.23 0.060 3.9 7.2 –21.2 4.5 23.4
5041 COW/951A/19X/2/22-32 161.82 Un-ox 1.47 0.131 11.2 4.4 –19.9 13.0 36.6
5023 COW/951A/19X/2/44-53 162.04 Un-ox 1.46 0.138 10.6 4.7 –19.8 12.3 36.7
5026 COW/951A/19X/2/63-72 162.23 Un-ox 1.44 0.131 11.0 4.7 –19.7 12.8 36.7

6 5031 COW/951A/25X/3/73-79 221.73 Ox 0.26 0.074 3.6 7.8 –21.4 4.2 2.0
5021 COW/951A/25X/3/96-104 221.96 Un-ox 1.25 0.130 9.6 5.1 –19.7 11.2 19.3
5029 COW/951A/25X/4/42-50 222.92 Un-ox 1.27 0.130 9.8 5.2 –19.6 11.4 19.6
5034 COW/951A/25X/4/108-117 223.58 Un-ox 1.27 0.129 9.9 5.0 –19.7 11.5 19.3

7 5010 COW/951B/3X/4/79-84 279.59 Ox 0.18 0.053 3.4 (8.2) –22.7 4.0 1.4
5024 COW/951B/3X/4/93-101 279.73 Un-ox 1.41 0.125 11.3 8.0 –20.8 13.2 19.2
5017 COW/951B/3X/4/107-117 279.87 Un-ox 1.34 0.121 11.0 7.8 –20.9 13.0 18.2

8 5019 COW/952A/5H/3/99-105 42.29 Ox 0.12 0.033 3.5 5.7 –22.0 4.1 42.5
5004 COW/952A/5H/3/131-140 42.61 Un-ox 0.81 0.089 9.2 5.4 –20.2 10.7 46.9
5011 COW/952A/5H/4/15-25 42.95 Un-ox 0.79 0.082 9.6 5.2 –20.3 11.3 47.8
5030 COW/952A/5H/4/42-52 43.22 Un-ox 0.83 0.088 9.4 5.5 –20.1 11.0 47.5

9 5016 COW/952A/9H/5/50-57 82.8 Ox 0.14 0.039 3.6 (4.8) –22.3 4.1 39.8
5038 COW/952A/9H/5/94-104 83.24 Un-ox 0.73 0.082 8.9 5.1 –20.6 10.4 44.1
5032 COW/952A/9H/5/125-135 83.55 Un-ox 0.78 0.085 9.2 5.3 –20.5 10.7 45.9
5002 COW/952A/9H/6/10-20 83.9 Un-ox 0.69 0.074 9.3 5.7 –20.6 10.9 52.2

10 5044 COW/952A/15H/1/6-14 133.36 Ox 0.25 0.069 3.7 7.0 –20.9 4.3 5.1
5003 COW/952A/15H/1/64-72 133.94 Un-ox 1.66 0.153 10.9 4.7 –19.5 12.7 29.1
5025 COW/952A/15H/2/59-67 135.39 Un-ox 1.59 0.146 10.9 4.2 –19.4 12.7 32.0
5043 COW/952A/15H/3/18-26 136.48 Un-ox 1.61 0.140 11.5 4.0 –19.5 13.4 30.2

11 5007 COW/952A/18X/3/101-111 159.61 Ox 0.45 0.076 5.9 (6.3) –20.5 6.9 20.0
5008 COW/952A/18X/3/121-131 159.81 Un-ox 1.64 0.153 10.8 5.0 –19.9 12.6 31.7
5005 COW/952A/18X/4/7-17 160.17 Un-ox 1.59 0.145 1.0 4.5 –19.8 12.8 33.0
5006 COW/952A/18X/4/55-64 16.65 Un-ox 1.55 0.137 11.3 4.8 –19.8 13.2 34.5

12 5015 COW/952A/23X/5/46-52 210.26 Ox 0.21 0.057 3.7 (6.5) –22.1 4.3 20.9
5013 COW/952A/23X/5/74-84 210.56 Un-ox 1.16 0.113 10.3 5.5 –20.0 12.0 32.7
5014 COW/952A/23X/5/115-125 210.95 Un-ox 1.17 0.115 10.2 5.3 –20.0 11.9 32.4
5022 COW/952A/23X/6/31-41 211.61 Un-ox 1.09 0.107 10.2 5.3 –19.8 11.9 33.1

13 5020 COW/952A/27X/4/44-50 247.34 Ox 0.25 0.085 2.9 6.7 –22.3 3.4 0.8
5042 COW/952A/27X/4/61-71 247.51 Un-ox 1.40 0.148 9.5 4.9 –19.0 11.0 15.9
5033 COW/952A/27X/4/82-92 247.72 Un-ox 1.39 0.149 9.3 4.9 –19.8 10.9 16.0
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ent techniques, the data of De Lange (1992a) have been adapted for
this deviation to allow a direct comparison to be made with the
present data. The similarity between the two data sets in C/N ratios
for oxic and unoxic samples, as well as the identical axes cut offs, are
remarkable. The No (Ntot axes intercepts) for the unoxidized samples;
that is, the N fraction that seems unrelated to organic carbon cannot
be related to the two commonly identified nonorganic N phases, 
changeable” and “fixed.” In these sediments, exchangeable N
pears to be largely associated with organic matter (De Lange, 19
In addition, the sum of exchangeable and fixed N for these late Q
ternary sediments is at most half of the observed No. It seems, there-
fore, that at least part of the No is related to organic material. At thi
moment, it is not clear how this contradiction can be accounted
Possibly, it is caused by the differential decomposition of compou
that differ greatly in reactivity and in the C/N ratio. Some eviden
for such differential decomposition can be found in the amino a
and macromolecular compositions before and after oxidation
each turbidite (De Lange et al., 1994; Cowie et al., 1995; Prahl e
1997; Cowie et al., Chap. 34, this volume; Hoefs et al., Chap. 35
volume).

If C/N ratios are to be compared with that of plankton (Redfi
ratio; Table 3), the total N has to be corrected for nonorganic N 
x-
ap-
2a).
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or.
ds
e
id
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ld
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tributions (i.e., for exchangeable and fixed N). Such correction m
ly affects the C/N of oxic samples (Table 3), but only in a rather m
est way. The dramatic shift upon oxidation remains largely pre
for the organic-rich turbidites.

From the obtained C/N ratios of oxidized and unoxidized sa
ples, it is possible to estimate the C/N ratio of the organic matter
has been decomposed (see De Lange, 1992a). The resulting ra
14.4 is close to that found for decomposed late Quaternary sedim
(13.5) but deviates from the marine plankton ratio (6.6). The rem
ing organic matter has a considerably decreased C/N ratio of 4.6.
low ratio would not generally be considered to be “refractory” or 
restrial material. However, often the C/N ratio and 13Corg are consid-
ered to be useful parameters to establish a terrestrial/marine s
for organic matter (e.g,. Stevenson and Cheng, 1972; Fontugne
Calvert, 1992; Müller et al., 1994; see discussion below).

13Corg and 15Ntot

Unoxidized organic-rich turbidite samples with relatively high o
ganic C contents appear to have, on average, a slightly less ne
13Corg and a slightly lower 15Ntot than the oxidized samples from th
same turbidite (Figs. 2, 3). Organic-rich turbidites in the MAP conta
575
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ing >1% organic C have been reported to originate from a more south-
ern source (<20°N) than those with <1% (De Lange et al., 1
Kuijpers and Weaver, 1985). A more southern source would typic
correspond with slightly higher sea-water temperatures (i.e., less 
tive 13Corg; e.g., Rau, 1994). Therefore, slight differences in 13Corg,
15Ntot, and Corg contents between the unoxidized samples of diffe
turbidites may be related largely to the environment of initial forma
of the organic matter. The 13Corg and 15Ntot of the unoxidized samples o
interval 7, in particular, deviate from those of the other intervals rep
ed here. Clearly, the environmental or climatic conditions of these
iments during their initial deposition before being transported to
present site in the MAP must have been very different from those i
other reported intervals. Redeposition and subsequent oxidation h
sulted in a considerable decrease in 13Corg and an increase in the 15Ntot

for the intervals discussed here. However, McArthur et al. (1992)
served a minor shift, or no shift at all, in 13Corg for the A-turbidite. This

Figure 1. Example of three ox/un-ox intervals that were sampled in three dif-
ferent turbidites. Simplified representation of core description is as follows:
pelagic interval = hatched pattern; the sharp color transition between the
upper oxidized and the lower unoxidized parts of each turbidite = dashed
line; visually observed sediment mixing (bioturbation) = “!” symbol. On 
left of each unit, meters below seafloor are indicated; the sampling int
and sample code (see Table 1) are given on the right. The depositiona
of the intervals 7, 9, and 11 are 2.4, 4.5, and 14 Ma, respectively (Wea
al., Chap. 38, this volume).
576
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is probably related to the contact time with oxygen that has been 
tively brief for the recent A-turbidite compared to the turbidites in th
study and other studies (0.5 kyr vs. several thousand years; McA
et al., 1992; Prahl et al., 1989; De Lange et al., 1994; Cowie et al., 1
Prahl et al., 1997). Such a decrease in 13Corg, combined with the relative
abundance of n-alkanes, has been interpreted to represent prefere
degradation of marine organic compounds over that of terrestrial c
pounds (Prahl and Muehlhausen, 1989; De Lange et al., 1994; Pra
al., 1997). Recent reports have shown that a range of 13Corg occurs for
different compounds within the marine organic pool (e.g., Jasper 
Hayes, 1990, 1994). Low lignin phenol contents and organic geoch
ical results from pyrolysis gas chromatography-mass spectrom
seem to suggest that most of the organic matter is marine (Cowie e
1995; Hoefs et al., Chap. 35, this volume). Therefore, an alternative
planation could be the differential degradation of certain more reac
marine compounds having, on average, a relatively high C/N ratio
a low 13Corg. This, however, does not resolve the “n-alkane” link to a
substantial terrestrial organic source. Detailed organic geochem
studies are needed to reveal the contradiction between enhanced
ervation of terrestrial relative to marine organic matter, and the dif
ential degradation of different marine compounds.

Percent CaCO3

Oxic decomposition of organic matter leads to the dissolution
carbonate (e.g., Emerson and Archer, 1990). During the downw
moving oxidation in the upper parts of organic-rich turbidites of t
MAP, similar diagenetic carbonate dissolution must occur (Thoms
et al., 1993). The F-turbidite degradation of 0.8% organic carbo
accompanied by a 4% decrease in carbonate content. This 
agrees well with the overall equation for this reaction, assum
“Redfield” organic matter:

and

CO2 + H2O + CaCO3 →Ca2+ + 2 HCO3
–.

However, the F-turbidite also contains almost 1% sulfur (mostly
as pyrite; De Lange et al., 1987), which should upon oxidation, con-
tribute considerably to such carbonate dissolution. Apparently, the
total effect of the oxidation of organic C, reduced sulfur, and, possi-
bly, ammonium on carbonate dissolution is equivalent to 1% carbon-
ate per 0.2% organic C, including the contribution of reduced S.

Considerably more carbonate dissolution seems to have occurred
in some intervals (Table 2). On average, the relative decrease in per-

138 O2 C106H263O110N16P 18 HCO3
–+ +

124CO2 16NO3
– HPO4

2– 140H2O+ + +

→

e
val
ges
r et

Table 2. Percent decrease in Corg and Ntot relative to initial concentration,
and absolute changes in 13C, 15N, and carbonate content.

Note: (#) = calculated diagenetic decrease in %CaCO3, assuming 0.2% Corg per 1%

CaCO3.

@ Corg Ntot
13Corg

15Ntot CaCO3

(rel.%) (rel%) (abs.change) (abs.change) (abs.%) (#)

2 76 52 1.65 ‘(0.3) 2.3 2.7
3 77 44 1.1 1.2 1.7 2.7
4 80 54 0.3 1.4 8.3 5.3
5 84 55 1.4 1.6 13.2 6.2
6 79 43 1.73 2.7 17.4 5.0
7 87 57 1.85 ‘(0.3) 16.7 6.0
8 86 62 1.8 0.3 4.9 3.5
9 81 51 1.73 ‘(0.7) 7.6 3.0

10 84 53 1.43 2.7 25.3 6.9
11 72 47 0.67 ‘(1.5) 13.1 5.7
12 81 49 2.17 ‘(1.1) 11.9 4.7
13 82 42 2.45 1.8 15.1 5.8

Avg. 74 46 1.39 1.3 11.3 4.8



OXIC VS. ANOXIC DIAGENETIC ALTERATION OF  SEDIMENTS
Figure 2. Plots of percent organic C vs. (from left to right) organic 13C, percent total N, and molar C/N ratio. The deviating unoxidized samples of interval 7
have been marked (see text). Open symbols = oxidized samples, solid symbols = unoxidized samples. F = unoxidized sample from F-turbidite. * = sample con-
taining oxidized and unoxidized material (see text).
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cent carbonate seems to correlate nicely with the degree of bioturba-
tive mixing in the samples, as judged from core description and color
slides (e.g., compare intervals 7 and 9 in Fig.1; Table 2). Further-
more, oxidized samples, which demonstrate carbonate dissolution in
addition to that by diagenesis, have a lower Ba* content than the un-
oxidized samples from the same turbidite (Table 4). Most of the Ba
is present as barite; consequently, oxidation should not affect the Ba*
concentration. In fact, the oxidation of reduced sulfur might even lead
to slightly enhanced concentrations of barite in the sediment. The de-
crease in Ba* concentration, observed only in oxidized samples that
have an additional decrease in carbonate content, could point to a
contribution of pelagic sediment low in Ba*.

Being close to the carbonate compensation depth (CCD), sedi-
ments deposited in the MAP will be affected by small variations in
CCD (Weaver et al., Chap. 38, this volume). If located below the
CCD, bioturbation would lead to the extended exposure of turbidite
top sediments to corrosive seawater. Hence, this would lead to en-
hanced dissolution of carbonate and, by admixing with some pelagic
sediment low in Ba*, would lead to a concomitant decrease in Ba*.

Major and Minor Elements

As large carbonate variations occur, particularly between the ox-
idized and unoxidized samples, it is necessary to “normalize” the
jor and minor element concentrations. A convenient way to do th
to multiply the element/Al ratio by the average Al content of all sa
ples (Table 4). Most major and minor elements appear to be una

Table 3. C/N correlations of Neogene (this study) and late Quaternary
sediments in organic-rich turbidites from the Madeira Abyssal Plain.

Notes: a = De Lange, 1992a (n = 127); b = this study (n = 44); (@) = cut-off at Ntot axes;
(#) = (Corg/Ntot) in M/M; ($) = (Corg/Norg) in M/M. Redfield (C/N) in M/M = 6.6.
Data of De Lange have been corrected for systematic differences between Kjeldahl
and CNS analyzer (see text). 

Oxidized samples Unoxidized samples

a b a b

No (@) 0.0015 0.0010 0.025 0.023
(C/N) (#) 6.2 4.6 ± 1 14.4 14.5
(C/N) ($) 9.1 14.0
a-
is
-
ct-

ed by the oxidation phenomenon (Table 4). There are, however, a
remarks to be made. Reduced Fe is only part of the total Fe poo
should, upon oxidation, remain at nearly the same site as a
oxihydroxide. Reduced S, however, will diffuse away from the site
oxidation as pore-water sulfate. Consequently, large decreases 
tal S content are observed upon oxidation. Although most of the
maining S in the oxidized samples is related to pore-water sul
some of it is related to barite. The high S content in the oxidized s
ple of interval 3 (sample 5012) is remarkable and cannot be expla
by enhanced pore-water or barite content. The low S content of s
ple 5007 (interval 11) seems in conflict with the statement made 
lier in this paper, namely that this sample contains some unoxid
organic material (see Thomson et al., Chap. 32, this volume). 
might, however, be explained by the differential oxidation of reduc
S relative to organic matter, which may lead to an “S-oxidation fro
slightly preceding the “organic-matter oxidation front.” There is 
satisfactory explanation for the relatively enhanced level of S in s
ple 5012. The concentrations of phosphorus seem rather high. H
ever, the P contents in late Quaternary organic-rich turbidite s
ments from the MAP appeared to consist for 80% of “inherited” 
atite-P and only for a small fraction of organic P (De Lange, 1992
The minor decrease in total P upon oxidation, therefore, does no
dicate an enhanced preservation of organic P relative to organ
and N, but merely indicates the large pool of nonorganic P.

CONCLUSIONS

The organic fraction in organic-rich turbidites of the MAP a
pears to remain virtually unchanged under a large range of subox
anoxic conditions and for periods up to 14 Ma, whereas dram
changes occur upon oxidation.

Such post-depositional oxidation of the upper part of initially h
mogeneous organic-rich turbidites has, on average, resulted i
80% decrease in %Corg and a 50% decrease in Ntot. As a consequence
the C/N ratio of oxidized samples is substantially lower than tha
the unoxidized samples from within the same turbidite (on aver
4.6 and 14.4, respectively), the 13Corg is 1.5‰ more negative, and th
15Ntot is 1.3‰ more positive than that of the unoxidized samples.

Selective preservation of terrestrial over marine organic ma
may explain the observed changes upon oxidation; however, di
577
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igure
Figure 3. Plots of 15Ntot vs. (from left) percent total N, percent organic C, and organic 13C. (Prahl et al., 1997; De Lange, unpubl. data). For symbols, see F
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ential decomposition of distinct marine compounds is an alternative
explanation. Successive detailed organic geochemical analysis is re-
quired to resolve this vital contradiction.

The oxidation of organic matter and reduced sulfur has resulted in
the stoichiometric dissolution of some carbonate. An additional de-
crease in carbonate content is thought to be related to a more shallow
CCD, possibly in combination with some bioturbation.
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Note

@
*
m)

Cu*
(ppm)

Ba*
(ppm)

Be*
(ppm)

Li*
(ppm)

Zr*
(ppm)

Sc*
(ppm)

Y*
(ppm)

1 5 40 478 1.83 66 113 12.3 27.4

2 1 41 592 2.10 69 108 12.7 27.0
2 45 582 1.98 70 113 12.6 27.2
9 47 575 2.05 70 109 12.6 27.1

3 6 42 447 2.02 68 94 12.7 24.9
8 34 451 1.92 68 91 12.4 23.7
7 33 450 1.89 68 94 12.4 23.5

4 4 18 267 1.65 70 87 12.5 12.8
7 28 271 1.55 72 83 12.3 15.2
8 28 285 1.51 71 85 12.2 14.1

5 0 22 331 1.79 72 97 12.9 20.2
3 30 411 1.67 74 96 12.4 20.6
0 31 411 1.64 76 94 12.4 19.8
0 29 412 1.63 76 94 12.3 19.9

6 7 24 354 1.73 74 81 12.8 14.2
3 28 394 1.61 76 76 12.2 15.6
4 28 413 1.58 77 79 12.2 15.4
3 28 395 1.57 76 83 12.2 16.3

7 4 28 334 1.89 75 123 14.8 35.3
0 36 369 1.69 80 97 12.3 25.0
9 38 375 1.66 79 94 12.1 23.7

8 6 51 726 2.04 67 110 13.3 30.1
7 61 719 1.99 68 112 13.2 30.6
5 60 716 1.98 68 122 13.4 32.2
5 61 718 2.00 69 116 13.3 30.9

9 7 37 494 2.02 66 105 12.6 25.7
7 39 506 1.98 68 107 12.7 26.3
8 40 504 2.08 67 106 12.5 25.8
2 47 534 2.00 66 105 12.6 27.7

10 9 21 411 1.77 67 88 13.1 18.8
5 31 517 1.58 71 90 12.2 18.6
6 33 511 1.58 73 90 12.0 19.9
6 32 491 1.56 68 93 12.3 19.6

11 3 33 345 1.77 71 96 12.8 19.2
1 27 432 1.66 75 94 12.4 18.6
0 28 442 1.63 73 96 12.5 19.2
0 30 433 1.62 74 103 12.4 20.1

12 4 25 254 1.71 72 93 11.9 20.1
8 27 260 1.55 75 93 11.6 19.4
9 26 260 1.56 75 93 11.6 18.8
9 29 279 1.56 75 91 11.7 19.7

13 0 34 345 1.82 71 77 13.1 15.3
7 32 362 1.68 75 73 12.8 15.6
6 32 373 1.68 74 75 12.8 15.8
Table 4. Major and minor element data.

: (@) = oxic/un-oxic interval, and (*) = element/Al ratio has been multiplied with the average Al content of all samples. 

Sample code
Mg*
 (%)

K*
 (%)

Na*
(%)

Ti*
(%)

Fe*
(%)

S*
(ppm)

Mn*
(ppm)

Sr*
(ppm)

P*
(ppm)

Cr*
(ppm)

Zn*
(ppm)

Co*
(ppm)

Ni*
(ppm)

V
(pp

5001 2.29 2.47 1.38 0.448 3.43 9600 774 1454 829 87 135 13 44 10

5018 2.10 2.18 1.22 0.383 3.21 1153 546 1173 750 100 132 14 50 12
5009 2.05 2.42 1.33 0.390 3.14 4992 448 1305 777 89 130 14 53 11
5037 2.07 1.74 1.41 0.385 3.14 4960 463 1296 828 95 122 13 52 10

5039 2.19 1.86 0.97 0.384 3.15 1143 599 1007 808 95 117 11 37 11
5028 2.10 1.57 1.07 0.385 3.20 7448 432 1136 919 91 114 13 47 10
5027 2.12 1.77 1.10 0.394 3.42 10446 460 1157 858 94 116 11 43 10

5012 0.82 1.40 0.68 0.368 3.67 3862 119 74 263 108 48 12 47 10
5040 0.69 0.84 0.63 0.356 3.12 3469 188 182 251 105 51 12 42 9
5035 0.69 1.07 0.63 0.371 3.27 5122 210 185 252 107 54 16 45 9

5036 1.65 1.12 0.89 0.387 3.27 548 225 463 620 121 74 10 30 9
5041 1.47 1.44 0.90 0.387 3.18 10037 224 824 700 129 94 12 53 9
5023 1.48 1.68 0.89 0.385 3.29 11500 224 838 724 124 95 10 47 9
5026 1.49 1.49 0.94 0.384 3.27 11627 226 835 721 127 89 11 48 9

5031 1.15 1.12 0.74 0.367 3.32 866 146 104 399 122 56 12 39 9
5021 1.07 1.32 0.70 0.353 3.11 5625 200 354 443 117 71 14 53 9
5029 1.09 0.96 0.75 0.358 3.26 7510 211 371 445 118 71 10 47 9
5034 1.07 1.42 0.72 0.368 3.30 8275 211 375 441 119 74 11 50 9

5010 2.04 1.88 1.15 0.402 4.17 1139 698 142 1508 144 98 12 45 11
5024 1.94 1.76 1.37 0.372 3.84 12106 635 541 1543 151 113 15 76 11
5017 1.91 1.84 1.37 0.370 4.36 18469 611 539 1551 149 128 10 77 10

5019 2.02 2.33 1.57 0.442 3.48 1237 748 1040 914 93 120 18 51 11
5004 2.00 2.32 1.72 0.452 3.30 6093 604 1275 967 97 131 18 72 11
5011 2.03 2.27 1.73 0.457 3.35 5862 644 1297 976 127 135 14 67 11
5030 2.03 2.21 1.83 0.459 3.35 6380 655 1305 1000 97 135 13 56 11

5016 1.99 1.96 1.07 0.386 3.27 810 805 880 690 89 101 13 36 10
5038 2.02 1.85 1.20 0.404 3.35 8317 642 1138 795 92 119 12 47 10
5032 2.00 2.06 1.10 0.400 3.39 7762 640 1139 757 91 124 11 46 10
5002 1.90 2.35 1.19 0.387 3.33 6307 815 1467 757 89 135 12 49 11

5044 1.25 0.94 0.85 0.376 3.49 866 167 147 628 125 59 10 31 9
5003 1.23 1.60 0.89 0.369 3.84 16586 299 625 803 122 82 11 49 9
5025 1.30 1.66 0.93 0.376 3.53 13918 327 698 852 120 87 11 49 9
5043 1.22 0.99 0.91 0.379 3.47 12389 296 646 814 122 87 12 48 9

5007 1.65 1.76 0.85 0.376 3.01 658 210 377 590 130 80 10 33 9
5008 1.42 1.66 0.83 0.376 3.39 13422 207 685 681 127 84 10 51 9
5005 1.44 1.67 0.86 0.382 3.21 11272 214 723 685 127 90 11 48 9
5006 1.47 1.69 0.89 0.391 3.27 12548 226 759 735 124 88 10 47 9

5015 1.38 1.57 0.74 0.374 2.80 555 414 374 564 120 71 22 45 9
5013 1.29 1.57 0.73 0.379 3.01 7282 375 644 628 120 83 9 45 8
5014 1.29 1.58 0.75 0.373 3.20 10339 376 640 623 120 80 10 43 8
5022 1.30 1.23 0.80 0.381 2.98 7328 409 673 642 120 85 10 45 8

5020 1.11 1.29 0.73 0.352 3.38 300 276 88 453 121 67 22 52 10
5042 1.10 1.12 0.72 0.345 3.45 6611 328 290 514 120 79 17 61 9
5033 1.11 1.39 0.72 0.344 3.55 7586 363 295 510 119 77 17 58 9
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