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Abstract

A study of recent laminated sediments, accumulated in the oxygen minimum zone of
Mejillones Bay (Northern Chile), shows that the organic matter is autochthonous and
deposited under varying oceanographic conditions. Sedimentary units dominated by light
laminations have low values of total organic carbon, total nitrogen and sulphur, and
Chaotoceros content, coupled with high values of yellow amorphous organic matter. These
were deposited under conditions of low primary productivity, favoring the recycling of the
major part of metabolizable organic matter in the water column, and the accumulation only of
non-metabolizable organic matter in the bottom sediments. In contrast, a unit rich in dark
laminations with high values of total organic carbon, total nitrogen and sulphur, shows high
values of brown and black AOM, and Chaetoceros content. This sedimentary unit reflects
increased flocculation of organic particles during a period of high productivity and fast transit
of organic material through the column water, thus diminishing the recycling of metabolizable
organic matter and its accumulation with non-metabolizable organic matter in the sediments.
Finally, a unit characterized by presence of both light and dark laminations was formed by
abrupt alternations of the two oceanographic states described previously.

1. Introduction

Coastal upwelling systems have strong impacts on marine and atmospheric biogeochemical
cycles (Thunell et al., 1992; Martinez et al., 1999). The enhanced biological productivity
observed close to these upwelling cells in Eastern boundary systems induces an increased flux
of organic material to the coastal ocean floor, producing characteristic changes in the water
column and bottom sediments. Significant effects are generated, for example, on the global
cycles of carbon ( Ransom et al., 1998; Hulthe et al., 1998; Liikge et al., 1999), and nitrogen (
Hulth et al., 1999). The concentration of oxygen in the water column in these environments
declines markedly with depth, a condition that limits the degradation processes and favors the
preservation of biogenic remains. Thus, in this kind of environment the organic carbon
content of sediments may reach 10% ( Libes, 1992; Hedges and Keil, 1995) while mean
oceanic values vary between 0.2% and 0.4% ( Miiller and Suess, 1979; Duan, 2000).

The preservation of organic matter in marine sediments is principally controlled by the supply
of biomass originating in the euphotic zone and by degradation processes which occur in the
photic zone, throughout the water column and in the sediments (Murria and Kuivila, 1990;
Lallier-Verges et al., 1991; Lallier-Verges et al., 1993; Bertrand et al., 1993; Tribovillard et



al., 1994; Ransom et al., 1998; Ganeshram et al., 1999; Duan, 2000). The redox conditions of
the depositional environment reflect the intrinsic characteristics of the water mass, and the
oxygen consumption driven by the microbial degradation of organic matter. Various studies (
Hedges and Keil, 1995; Thamdrup and Canfield, 1996; Boussafir and Lallier-Verges, 1997;
Lallier-Verges et al., 1998; Cowie et al., 1999; Veto et al., 2000) have shown that there is a
series of factors involved in the control of organic matter content in marine sediments, such as
its flux in the water column, the sedimentation rate, the oxygenation of bottom waters, the
water-depth and the distance from the coast. Although synergism among these factors may be
assumed, there is no consensus as to which factors control this mechanism. Authors such as
Reimers (1989), Pedersen and Calvert (1990) and Calvert et al., 1992 and Calvert et al., 1996
propose that productivity has a major influence, whereas others such as Didyk et al. (1978),
Hollander et al. (1992), Ingall and Jahnke (1994), Jones and Manning (1994) and Schulte et
al. (2000) suggest that the availability of oxygen is the principal factor regulating the
preservation of organic matter in sediments.

Marine sediments accumulated near upwelling cells provide valuable information regarding
the evolution of local oceanographic conditions (Martinez et al., 2000; Bertrand et al., 2003).
In favorable circumstances, such sediments may record former physico-chemical
characteristics of the water column with a high time resolution. Depending upon the
sedimentation rate and the biological processes involved locally, the sedimentary sequences
may thus provide relevant records of seasonal to interannual, to interdecadal, variability of
ocean—atmosphere interactions.

The Punta Angamos upwelling system (23°S) is known as one of the most productive marine
regions off the Chilean coast, and has been the object of various studies in recent years
(Escribano, 1998; Gonzalez et al., 1998 and Gonzalez et al., 2000; Marin and Olivares, 1999;
Escribano and Hidalgo, 2000; Thomas et al., 2001). Mejillones del Sur Bay, which forms part
of this system ( Fig. 1), acts as a center of sedimentary deposition for the abundant biological
productivity of the zone (Valdés, 1998; Vargas, 1998). This bay is located off the world's
driest desert (Atacama), and thus material of continental origin which reaches coastal
sediments in the area is limited solely to wind-transported particles ( Vargas, 1998). Primary
productivity measurements in this bay have given average annual production of 1070 g C m >
y ! (Marin et al., 1993), while dissolved oxygen profiles measured over an annual cycle
showed that, at depths greater than 50 meters, oxygen is depleted ( Valdés, 1998; Escribano,
1998), which strongly restricts the presence of benthic macrofauna ( Zaiiga, 1974; Ziiiga et
al., 1983). These factors have favored the rapid accumulation of diatomaceous organic-rich
sediments, in which there is very little bioturbation. For example, chemical analyses of
various cores showed mean diatom opal and organic carbon contents of 49% and 8%,
respectively ( Valdés, 1998; Vargas, 2002), and sedimentations rates of 131 +7 cm ky '
(Vargas, 2002). These characteristics are ideal for the reconstruction of local
paleoceanographic conditions at the scale of the last centuries and millennia ( Ortlieb et al.,
1994 and Ortlieb et al., 2000; Valdés, 1998; Vargas, 2002; Valdés et al., 2000; Valdés and
Ortlieb, 2001; Valdés et al., 2003).
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Fig. 1. Location of Megjillones Bay on the west coast of South America, close to the upwelling center of Punta
Angamos, and of core 32B.

Reconstruction of the environmental changes over the past thousand years in Mejillones Bay
requires an understanding of the factors that control marine sedimentation in the area. The
biogenic nature of the sediments accumulated within the bay implies that such a study must be
focused on the variation through time of the accumulation and preservation processes. One of
the promising approaches to decipher the combinations and variation of the different
interacting factors in these processes is to assess changes in the organic matter deposited in
the sediments over time. The present study reports on high-resolution geochemical and
petrographic work carried out on the organic fraction of sediments recovered from a core
obtained in Megjillones Bay. Results were used to reconstruct paleoenvironmental conditions
both within the water column and in the interface sediments, at the time of their deposition.

2. Materials and methods

Samples for geochemical and petrographic analyses were recovered from a 44 cm long
sediment core, collected in the central area of Mejillones Bay (Fig. 1). The core was sub-
sampled according to presence of dark and light laminations observed in a radioscopic image.

2.1. Geochemistry

The samples were analyzed using Rock-Eval 6 programmed pyrolysis (Lafargue et al., 1998),
from which the following parameters were obtained: total organic carbon (TOC), hydrogen
index (HI), expressed as mg HC/g TOC, and oxygen index (OI) expressed as mg CO,/g TOC.
An induction furnace (LECO,) was used to quantify the total sulfur (TS), total nitrogen (TN)
and total carbon (TC) contents.

2.2. Petrography

Observations on dried sediment smear slides were made for comparison with palynofacies
preparations. In these preparations, Chaetoceros abundance was estimated according Pichon
(1985), and results were expressed in N° cm 2,

The petrographic study was carried out on kerogen fraction, isolated from the carbonate and
silicate phases of the sediment via the classical hydrochloric and hydrofluoric acid treatments
(Durand and Nicaise, 1980). This study involved the identification and relative quantification



of the different fractions of organic matter using transmitted light microscopy (palynofacies).
Estimation of the relative abundance of these different fractions was carried out by means of
charts routinely used in organic petrology and based on surface particle quantification, in 30
microscopic fields ( Sifeddine and Bertrand, 1994; Sifeddine et al., 1996). Observations with
reflected light were also made on polished sections of 17 samples in order to estimate
framboidal pyrite abundance. Results were expressed in percentage of total abundance.
Scanning Electron Microscopy (SEM) observations were carried out in selected samples.
Fourier Transform Infrared (FTIR) spectra of different types of organic matter (in a minimum
of 4 of each type) identified in transmitted light were obtained scanning from 400 to 4000
cm '(Rochdi et al., 1991).

3. Results and discussion

3.1. Structure and organic composition of Mejillones bottom sediments

Visual observations and X-ray radioscopic images (Fig. 2) indicate that core 32B does not
contain any abrupt sedimentological changes, such as deposition of turbidities or hiatus in
sedimentation. Instead, light and dark laminations dominate throughout the length of the core,
which permit the identification of three sedimentary units:

 Unit A: corresponds to the lower part of the core (44 to 36 cm) and shows a predominance
of light laminations.

¢ Unit B: corresponds to the middle section of the core (between 36 and 12 cm) and presents
an alternation of light and dark laminations, with thickness varying between 1 and 10 mm.

» Unit C: corresponds to the upper part of the core (12 to 0 cm) and is characterized by a
predominance of dark laminations

Table 1 shows the mean and standard deviation for all parameters measured in core 32B
separated by each stratigraphic unit. Except for OI, all others parameters present notable
differences in mean values between these three units. In order to evaluate if these differences
are due to artefacts (i.e., sampling technique or analyses procedures) a one-way ANOVA test
was applied (Table 2); only OI does not present a probability (p value) less than 0.001
(significant level). Thus, the geochemical and petrographic composition of units may be
interpreted as a record of different sedimentary processes.
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Fig. 2. Radioscopic image, geochemical and petrographic profiles of Core 32B. Stratigraphic units are indicated.
OI is expressed in milligrams CO,/g TOC. HI is expressed in mg HC/g TOC. TOC, TC, Ts and TN, are
expressed in % of bulk sediment. Organic fraction (palynofacies) is expressed in relative abundance (%).
Chaetoceros is expressed in N° cm >, Framboidal pyrite is expressed in relative abundance (%).



Table 1. Geochemical parameters of sediments analyzed from core 32B taken from the center of Mejillones Bay,

Chile
Parameter Core section
C B A
TOC Mean 5.3 4.5 iR
D 0.5 0.7 (.6
HI Mean 424 448 517
SD 46.5 343 TH
Ol Mean 153 154 149
5D 12.9 13.3 16.2
TC Mean 6.9 5.3 4.0
sSD 0.8 1.0 .5
TS Mean 017 012 .07
D (.06 05 (.04
TN Mean 0.5 (.4 2
SD 0.1 01 0.1
YELLOW Mean 1] hE.5 TR.T
AOM sSD 9.3 9.5 7.8
BROWDN Mean 354 30 207
ACOM sSD h.8 9.1 T8
BLACK Mean 4.1 0.6 .5
AOM SD 34 1.0 0.7
CiN Mean 11.1 12.7 16.1
SD 0.9 1.2 3.2
Chaeroc. Mean 3l 19 15
sSD 102 4.0 1.9

Its showed mean and standard deviation values by each stratigraphic unit recognized in core 32B.

Table 2. Results of one-way ANOVA analyses performed on geochemical and petrographic results of core 32B

TOC H1 01 TC TS TN YEAOM  BRAOM  BLAOM  C/N Chaet

F 23.54 15.45 0.59 31.04 10.49 30.54 16.61 13.2 24.18 24.27 27.41
P 0.000 0,000 0.556 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

The variations of geochemical and petrographical parameters confirm the presence of the
three lithological units. The general profile for TOC, TC, TS, and TN shows a slight increase
towards the sediment surface, whereas HI profile shows an opposite trend (Fig. 2). Profiles
are in agreement with stratigraphic units as revealed by radioscopic analyses. Unit A with a
predominance of light laminations showed low mean values of TOC (3.8%), TN (0.2%), TS
(0.07%), OI (149 mg CO,/g TOC) and high C/N (16.1) ratio and HI (517 mg HC/g TOC),



while unit C, with predominance of dark laminations has high mean values of TOC (5.3%),
TN (0.5%), TS (0.17%), OI (153 mg CO,/g TOC) and lower mean values of C/N (11.1) ratio
and HI (424 mg HC/g TOC) (Table 1). The unit B, characterized by alternate dark and light
laminations, represents an intermediate situation between units A and C.

Palynofacies showed that the OM accumulated in Mejillones Bay is composed only of
Amorphous Organic Matter (AOM). According to color properties (Durand, 1980), it is
possible to distinguish and quantify three different types of amorphous organic matter —
yellow, brown, and black — whose proportions are given in Fig. 2.

This approach shows that unit C is marked by high content of brown (35%) and black (4%)
AOM, while the unit A is characterized by a predominance of yellow AOM (79%). SEM
revealed that there are differences in structures of AOM related to palynofacies color
classification. In fact, color corresponds to the degree of agglomeration presented by AOM.
These differences were more marked between yellow and the other two color fractions (brown
and black) which had more or less the same structure. This situation permitted the
classification of the AOM in two categories; light AOM, composed of large massive
homogeneous areas of organic matter with a dispersed texture, corresponding to yellow
AOM; dark AOM, composed of less homogeneous regions of organic matter with a speckled
aspect (more or less granular), corresponding to brown and black AOM (Fig. 3). The
representative FTIR spectra obtained from light and dark AOM showed the same functional
groups (Fig. 4). Some differences can be seen between the intensities of the absorption band,
that is higher for dark AOM. Both spectra are characterized by the presence of simple mono-
aromatic compounds and alkanes (CH3, CH,), plus alcohol and phenol functional groups.



Fig. 3. Results of the optical technique study: (a) AOM under transmitted light; (b) SEM; (c) smear slide under
transmitted light; (d) a polished section under reflected light. Column I corresponds to a sedimentary record of
high agglomerated AOM content, and column II to a sedimentary record of low content of agglomerated AOM
content.
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Fig. 4. FTIR (Fourier Transform Infrared) spectra of both AOM types identified in 32B core. The upper picture
corresponds to the dispersed (light) AOM, and the lower one shows the agglomerated (dark) AOM. FTIR
analyses of both types of organic matter identified in core 32B: (1) OH of alcohol or phenols; (2) CH; aliphatic
alkanes; (3) CH, aliphatic-alkanes; (4) C=C of aromatic hydrocarbons; (5) C—H of aromatic hydrocarbons; (6)
“OH of alcohols or phenols; (7) CHj of aliphatic hydrocarbons; (8) C—H of aromatic hydrocarbons; (9) OH of
alcohols or phenols.

3.2. Origin of organic matter

Geochemical and organic petrographic analyses reveal that the organic matter accumulated in
Mejillones Bay is of marine origin. The results of Rock-Eval 6 pyrolysis, plotted on the
pseudo Van Krevelen diagram (Tissot and Welte, 1984) indicate that the organic matter is of
Type II (phytoplanktonic origin) ( Fig. 5), and is immature, according to Tmax values ranging
between 394 and 441 °C (mean=421 °C). The whole sequence of core 32B, based on
palynofacies analysis, contains amorphous organic matter (AOM) formed of agglomerates
without definite shapes linked to phytoplankton production (Lallier-Verges et al., 1998). The
palynofacies analysis do not show organic material derived from terrigenous OM.
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Fig. 5. HI vs. OI for core 32B. Filled circles correspond to agglomerated material, rich in metabolizable AOM.
White squares correspond to dispersed material, with prevailing, non-metabolizable AOM. Oxidation route
between dispersed and agglomerated AOM (Meyers and Lallier-Verges, 1999) is shown.

Observations of total sediment smear slides reveal that the agglomerated AOM, corresponds
to flakes deposited during periods of high productivity (Lallier-Verges et al., 1998).
Predominately in the unit C, this AOM is associated with abundant remains of siliceous
phytoplankton, mainly Chaetoceros and diatoms such as Coscinodiscus and Thalassiosira,
which are indicators of intense upwelling (Sauter and Sancetta, 1992; Bull and Kemp, 1995),
especially in Mejillones Bay ( Rodriguez and Escribano, 1996) ( Fig. 3c), which explains the
high values of TOC. Conversely, unit A which is enriched in dispersed AOM containing
smaller amounts of diatoms debris, suggests a lower productivity ( Fig. 3c).

3.3. Aerobic vs. anaerobic degradation processes in Mejillones Bay

Although geochemical and petrographic data suggest a similar origin for the agglomerated
and dispersed amorphous AOM accumulating in marine sediments of Mejillones Bay, we
hypothesize that their optical properties are related to differences in microbial breakdown to
which the material is exposed during its transit through the water column (Lallier-Verges et
al., 1991; Lallier-Verges et al., 1993; Boussafir and Lallier-Verges, 1997; Meyers and Lallier-
Verges, 1999). In Mejillones Bay, the water column is characterized by a stratified condition.
Oceanographic data taken during a normal year (non-El Nifo), shows that surface water has
high dissolved oxygen contents, while subsurface waters are poorly ventilated (Fig. 6). This
situation is intensified during spring and summer seasons, when biological productivity
increases due to a more intense upwelling. This situation, would lead to organic matter being
exposed to different oxygenation conditions during its transit to bottom sediments, and thus,
different degradation mechanisms changing its original structure and composition.



Fig. 6. Annual variation of dissolved oxygen in Mejillones Bay. Data correspond to 1995.

For example, differences in relative intensities of the bands observed in the FTIR spectra
between organic fractions exhibiting different structures (Fig. 4) can be interpreted as
variations in intensity of oxidation-reduction processes having affected the organic matter
during its sedimentation and diagenesis ( Tribovillard et al., 1994). Oxidation of kerogens is
marked by a decrease in aromatic and aliphatic CH band intensity and by an increase in OH
and C=C + C=0 band intensity (Rochdi et al., 1991). The Oxidation Index was applied to
compare the oxidation state of agglomerated and dispersed kerogen of Mejillones Bay, using
the ratio between the surfaces of IR bands [(1710 cm ' +1610 cm ')/2900 cm ']
(Benalioulhadj and Trichet, 1990; Lallier-Verges et al., 1993). The results showed that the
agglomerated organic material had a higher oxidation index (=1.74) than the dispersed
material (=1.45), indicating that the former was more oxidized than the latter. Differences in
oxidative states are also suggested by the van Krevelen-type plot ( Fig. 5) which indicates the
oxidation route between dispersed and agglomerated AOM ( Meyers and Lallier-Verges,
1999). This plot shows that when hydrogen-rich organic matter is oxidized, its hydrogen
content decreases. When combining petrographic and geochemical results ( Fig. 5), most of
the samples with abundant agglomerated organic matter were observed to have low HI values,
also indicative that this matter was more highly oxidized ( Meyers and Lallier-Verges, 1999).

This evidence suggests that agglomerated matter shows signs of degradation in aerobic
environment, while dispersed matter does not. A plausible explanation for these differences is
that agglomerated AOM contains some organic material that survives the transit through
oxygenated surface waters and reaches the anoxic bottom waters of the bay. In contrast,
dispersed AOM represents a situation in which only organic material that is not (or less)
affected by oxidative processes reaches the deoxygenated bottom waters, while reactive
organic material is degraded in aerobic surface environment. This explanation is supported by
the idea that marine amorphous organic matter is a combination of metabolizable and non-
metabolizable matter, which are affected in different ways by oxygen availability. Thus, it is
proposed that the dispersed AOM from Mejillones Bay would represent metabolizable
material, while agglomerated AOM would represent a combination of both metabolizable and
non-metabolizable materials which provide evidence of breakdown in an aerobic
environment.



Normally, the TOC to TN (C/N) ratio can be used to characterize the type of organic matter,
because different groups of organisms produce organic matter that contain different carbon
and nitrogen contents (Libes, 1992). This ratio can be used to identify marine and terrestrial
organic matter, based on a value of 10 as a separation between them ( Stein, 1991; Thunell et
al., 1992). In the case of the sediment core from Mejillones Bay, mean C/N ratio was 13, that
is slightly superior to the limit for marine organic matter ( Fig. 2). Is accepted that nitrogen,
which is a constituent of proteins ( Brown et al., 1994), is rapidly remineralized after death of
the organisms in surface water, and does not participate as such in kerogen formation (
Vandenbroucke, 1980; Durand and Monin, 1980; Verardo and Mcintyre, 1994). The profile of
the C/N ratio in 32B core, correlates with others parameters, based on stratigraphic units. The
fact that higher values of this ratio are present in unit C, associated with dispersed AOM, is
interpreted as evidence of loss of metabolizable organic matter (proteins in this case) before it
reaches the sea floor. In contrast, the lower C/N of unit A provides evidence of the presence
of metabolizable organic matter in bottom sediments, associated to agglomerated AOM, is
supported by a higher nitrogen content, that decreases the C/N ratio.

It is accepted that the presence of framboidal pyrite in marine sediments is evidence of
organic matter degradation by means of sulfate reduction due to the presence of a high content
of metabolizable organic matter (Lallier-Verges et al., 1993; Bertrand et al., 1993; Lallier-
Verges et al., 1997). In the sediment core of Mejillones bay, the relationship between high
abundance of pyrite and high content of agglomerated AOM ( Fig. 2), could be interpreted as
a evidence of metabolizable material that reaches the sea floor. The relationship between
metabolizable organic matter and sulfate reduction may be approached by means of
calculation of the Sulfate Reduction Index (SRI), as defined by Bertrand and Lallier-Verges
(1993), Lallier-Verges et al. (1993), and Boussafir et al. (1996). Sulfur content in sediment
core of Mejillones is very low. This situation could limit the sulfate reduction mechanism, but
the significant differences between stratigraphic units showed by one-way ANOVA analysis
show that unit A, characterized by high agglomerated AOM and high sulfur content is
significantly different from unit C, which has dispersed AOM and low sulfur content. To
highlight these differences, we coupled the microscopic investigations of organic matter to the
geochemical bulk analysis by means of SRI and Agglomeration Index (Al). In this last case,
we defined the Al as the agglomerated and dispersed ratio (brown AOM + black AOM/yellow
AOM), which estimates the metabolizable organic matter that reached the sea floor. The
summation of these indexes demonstrated a good separation between samples in which
dispersed organic material predominated (lower values of SRI and agglomeration index) over
those with more agglomerated organic matter (Fig. 7). This may represent the effect of the
availability of metabolizable components of organic matter on sulfate reduction efficiency.
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To summarise, in Mejillones Bay marine organic matter produced in photic zone is exposed to
different mechanisms of degradation during its transit across the water column. The
combination of aerobic and anaerobic processes acting on organic matter formed by both
metabolizable and non-metabolizable material are the key to correlate compositional and
structural characteristics of bottom sediment with oceanographic and sedimentary situation
prevailing in this bay, during the recent past.

3.4. Interpretative model of sedimentation in Mejillones Bay

The study carried out on core 32B allowed the identification of variations in geochemical and
petrographic parameters, which are associated with different compositions of the total
sediment and of its organic fraction. All these interpretations are now integrated into an
interpretative model proposed to define the paleoceanographic characteristics of Mejillones
Bay, based on the sedimentary record. This conceptual model is based on the increase in
agglomerated vs. dispersed AOM, by means of a combination of mechanisms, which allows
for an identification of two "Oceanographic Phases" (Fig. 8). In both cases, the basis of the
model is biological productivity, which introduces two types of organic material into the
system: metabolizable and non-metabolizable (non-degradable) organic matter (Boussafir and
Lallier-Verges, 1997). Depending on the intensity of the productivity, a series of mechanisms
are generated and influence the behavior of both types of organic matter, in the water column
and in sediments ( Bertrand et al., 1993; Bertrand and Lallier-Verges, 1993; Lallier-Verges et
al., 1997; Veto et al., 2000; Briichert et al., 2000). This leads to the production of a structure
and composition easily recognized within the sedimentary sequence in Mejillones Bay.
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Fig. 8. Interpretative model for marine organic sedimentation proposed for Mejillones Bay. In this model, the
sedimentary record is formed according to two different oceanographic phases. Number 1 represent a change in
redox boundary, which could be associated with an El Nifio event.

The Oceanographic Phase I (Fig. 8) is characterized by high primary productivity marked in
the sediments by abundant Chaetoceros, typical of upwelling systems (Sauter and Sancetta,
1992; Bull and Kemp, 1995; Rodriguez and Escribano, 1996). The generation of a large
quantity of phytoplankton biomass promotes the flocculation of particulate (biological and
mineral) material, due to the production of mucilaginous compounds and polysaccharides,
which agglutinate particles present in the water column ( Jacson, 1990; Lallier-Verges et al.,
1997). This mechanism, called "self sedimentation" has been studied by Grimm et al. (1997)
in marine geological records, and is responsible for the increased efficiency of the exportation
of metabolizable organic material from the water column to the bottom sediments ( Lallier-
Verges et al., 1997). Thus it is assumed that the high productivity triggers the process of "self
sedimentation" (flocculation), increasing the velocity of descent of material through the water
column ( Wefer, 1989). The result is the presence, in the sediments, of agglomerated AOM
formed by aggregates of non-metabolizable and metabolizable organic matter. This latter
organic fraction, which shows evidence of the effects of oxidation during its transit through
the oxic zone, explains the signs of oxidation observed in the geochemical parameters (high
OI and oxidation index based on FTIR). Also, the large quantity of organic matter reaching
the sea bottom promotes higher rates of sulfate reduction, recorded by the presence of
framboidal pyrite, and by the high sulfate reduction index.

The Oceanographic Phase II (Fig. 8) shows the opposite situation. In this case the biological
productivity decreases and the sediments are marked by the absence (or paucity) of
Chaetoceros and others siliceous phytoplankton. Since this lower productivity does not
promote the "self sedimentation" mechanism, no flocculent organic matter is present. The rate
of sinking of organic matter markedly diminishes. These phenomena lead to an extensive
recycling of degradable organic matter within the aerobic compartment of the water column
and the predominant deposition of non-metabolizable organic mater (dispersed AOM). This
explains the observed low oxygen index and high hydrogen index and the more hydrogenated
composition 