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Abstract 

 

Processes controlling preservation and accumulation of organic matter (OM) in marine sediments 

are highly sensitive towards both natural and anthropogenic impacts. Thus, the sedimentary OM 

is considered a key proxy for the characterization of recent and past sedimentary environments. 

Along the Peruvian continental margin (PCM), high primary production and an intense oxygen 

minimum zone (OMZ) favor the accumulation and preservation of OM in sediments. Spatial 

variations in oceanographic conditions impact on both productivity and the redox conditions, in 

particular the OMZ intensity. These factors in turn lead to spatial differences in depositional 

conditions and OM accumulation and preservation. Therefore, this study aims at characterizing 

nature and types of recent sedimentary OM along the PCM covering a wide latitudinal and 

bathymetric range. With this purpose, a total of 29 surface sediment samples were collected from 

Tumbes (3°S) to San Juan (15°S) and analyzed by means of organic petrography (palynofacies 

analysis) and Rock-Eval pyrolysis. Results allowed characterizing the OM from recent sediments. 

Along the PCM, the sedimentary OM is predominantly amorphous, revealing its overwhelming 

marine origin. The highest abundances of gelified amorphous OM, total organic carbon, S1 and 

S2 Rock-Eval fractions occurred towards the southern part of the study area, especially off Callao 

(12°S) and Pisco (14°S), considered important upwelling and primary productivity centers. A 

principal component analysis performed allowed the description of main OM depositional 

environments. In the outer continental shelf of Callao (12°S) and OMZ of Pisco (14°S), 

accumulation of well-preserved OM occurs whereas in the inner shelf of Callao redox oscillations 

lead to less OM accumulation and pyrite formation in sediments. North of Callao, from Tumbes 

(3°S) to Huacho (11°S), a mixed signal of OM accumulation was observed. Finally, along the 

slope, transportation processes seem to play a key role in OM accumulation. This study also 

allowed the evaluation of certain proxies (e.g. Rock-Eval hydrogen index and oxygen index) 

routinely used in palaeoceanographic studies.  
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1. Introduction  

 

In the ocean, phytoplanktonic production represents near 95% of total primary production and 

thus constitutes the main source of organic matter (OM, Killops and Killops, 2005). Only a small 

fraction of the OM produced in the photic area reaches the sea floor (1%, e.g. Hedges and Keil, 

1995; Suess, 1980), where further degradation occurs via aerobic and anaerobic processes. In 

coastal areas, where phytoplankton production is high, near 10% of the total produced OM can 

reach the sediment (Hedges and Keil, 1995). The amount and composition of sedimentary OM 

directly depends on the production and supply in surface waters (Zonneveld et al., 2010), thus, the 

analysis of sedimentary OM provides key information for the characterization of present and past 

oceanographic conditions. In the last decades, techniques routinely applied in petroleum 

geochemistry, like organic petrography (palynofacies analysis) and Rock-Eval (RE) analysis 

(Espitalié et al., 1985), have been successfully employed in the study of OM deposited in both 

recent and past marine sediments from coastal and upwelling areas (Salvatteci et al., 2016; Hare 

et al., 2014; Valdés et al. 2009; Gurgel 2008; Marchand et al., 2008; Valdés et al., 2004; Pichevin 

et al., 2004). Moreover, the combination of both techniques has proven to be quite successful in 

the study of early diagenesis of marine OM  (Gelin et al., 1995; Boussafir et al., 1995a, b, 1994; 

Lallier-Vergès et al., 1991) and lacustrine OM (Boussafir et al., 2012; Zocatelli et al., 2012). 

 

The Peruvian upwelling system is among the most productive marine ecosystems in the world 

ocean (Chavez and Messié, 2009). In this system, upwelling takes place year-round (Bakun and 

Weeks, 2008), maintaining high primary production and therefore high rates of OM 

sedimentation. This situation, alongside with circulation patterns and water mass age, promotes 

the formation of an intense oxygen minimum zone (OMZ) off the coasts of Peru (Helly and 

Levin, 2004). In places where this OMZ impinges the sea floor, bioturbation is inhibited 

(Gutiérrez et al., 2008) and thus OM preservation is favored. Along the Peruvian continental 

margin (PCM), latitudinal changes of primary production, bottom dissolved oxygen and coastal 

shelf morphology determine the presence of different depositional environments, and thus affect 

the accumulation of sedimentary OM (Calienes et al., 1985; Delgado and Gomero, 1995; 

Gutiérrez et al., 2008; Scheidegger and Krissek, 1982).   

 

In the PCM, previous organic-geochemical studies analyzed OM content and composition in 

ancient and recent sediments from one of the main productive areas (between 9°S and 15°S). 

Repeta (1989) and Repeta and Gagosian (1987) studied the distribution and degradation of 

carotenoids in sediment trap material, zooplankton fecal pellets and surface sediments. These 

studies revealed differences in the composition of carotenoids between sediment trap material and 

surface sediments, which the authors attributed to different reactivity of the organic material. 

Studies regarding lipid distribution and composition has also been performed in both core samples 

and surface sediments (Farrington et al., 1988; Volkman et al., 1987; Gagosian et al., 1983; 

Wakeham et al., 1983, 1984, 1985). The studies showed high variability in both lipid flux and 

composition, a variety of marine sources for the lipids, and little degradation of lipids that reach 

the seafloor. ten Haven et al. (1990) analyzed deep-sea ancient sediments between 9°S and 11°S 

by means of organic geochemical and organic petrography techniques. The study showed that 

OM preservation is favored in sediments underlying upwelling cells, and that marine plankton 

and bacteria are the main contributors to the sedimentary OM. Farrimond et al. (1990) also 

reported the predominance of lipids of marine origin in sediment samples collected at 15°S, with 

terrigenous lipids being minor components of the sedimentary OM. Lückge et al. (1996) reported 

that the sedimentary OM deposited between 11°S and 12°S was mainly derived from 

phytoplankton degradation and had undergone an important degree of sulphate reduction. The 

authors also proposed sediment transport processes to be an important factor to explain high OM 
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accumulation in deep sediments outside the upwelling area. Likewise, Arthur et al. (1998) 

proposed, based on the use of both isotopic and RE analyses, that bottom currents and 

redeposition could exert an important control on organic carbon concentration. More recently, the 

studies of Salvatecci et al. (2016, 2014) and Gutiérrez et al. (2009) showed that isotopic analyses 

and organic geochemical proxies used in modern biogeochemistry are good indicators of climate 

and ocean ecosystem variability. As evidenced by the previous studies, the analysis of the OM 

deposited in sediments of the PCM provides a valuable tool to infer changes in ocean productivity 

and climate.    

 

Given the predominance of marine sources for the sedimentary OM along the PCM, changes in 

OM accumulation and composition should essentially be the result of diagenetic processes. 

Nevertheless, none of the studies already performed has characterized the sedimentary OM in 

areas north of 9°S where fluvial input to the ocean is more important compared to the south 

(Scheidegger and Krissek 1982). Additionally, latitudinal changes in primary production and 

variability in the intensity of the OMZ should affect OM composition and accumulation in 

sediments. Thus, two questions arise, do marine sources still contribute largely to the sedimentary 

OM deposited in northern areas of the PCM? Should we expect a difference in composition and 

accumulation of sedimentary OM at different latitudinal and bathymetric levels? In order to 

understand the processes controlling spatial variations in OM accumulation and composition 

along the PCM, we have conducted a study that characterized the nature and state of preservation 

of OM from recent sediments and allowed to determine the main OM depositional environments. 

With this purpose, surface sediment samples were collected along the PCM covering a wide 

bathymetric and latitudinal range, and then analyzed by organic petrography (palynofacies 

analysis) and RE pyrolysis. 

 

2. Materials and Methods  

2.1 Study area and sample collection 

 

Along the PCM, the main upwelling and primary productivity centers are located in the 

central/southern part between 10°S and 12°S, and between 14°S and 15°S (Calienes et al., 1985; 

Zuta and Guillén, 1970). OM-rich sediments (>10% organic matter) in these areas reflect highly 

productive surface waters and depositional conditions favoring OM preservation (Reimers and 

Suess, 1983).To the north of 10°S, more ventilated conditions in the water column and less 

primary production prevent high accumulation of OM (Delgado and Gomero, 1995; Mollier-

Vogel et al., 2012). 

  

In the present study, a total of 29 surface sediment samples from the PCM were collected 

covering a wide bathymetric (48 m – 2607 m) and latitudinal (3°S – 15°S) range under different 

conditions of primary production and bottom dissolved oxygen (Figure 1, Table 1). In all cases, a 

multi-corer (MUC) device was used to recover undisturbed surface sediment samples. Only the 

top 0.5 cm of each core was used for the different analyses. After collection, all samples were 

stored at low temperature (8 ºC) until the laboratory analyses.  

 

All the geochemical data obtained from both the petrographical and RE analyses were discussed 

with respect to the environmental variables depth (m) and dissolved oxygen (mL L
-1

). The 

dissolved oxygen values used in this study were measured at the bottom of each collection site by 

means of an oxygen sensor coupled to a CTD before the retrieval of the sediment samples.   

 

2.2 Analytical techniques 
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Prior to all analyses, all the samples were dried in an oven at 60ºC for four days and then 

homogenized and powdered in an agate mortar. 

2.2.1 Organic petrography (palynofacies analysis) 

 

The palynofacies analysis involves the observation and relative quantification of organic 

particles under transmitted light microscopy (Combaz, 1980). This analysis was carried out 

on the total OM previously isolated from the carbonate and silicate phases of the sediment by 

acid treatments. Ca. 1 g sediment underwent acid treatment with both hydrochloric and 

hydrofluoric acids in order to remove the mineral matrix (Combaz, 1980). The resulting 

organic residue was then examined using transmitted and reflected light microscopy, 

allowing the description of different organic fractions. Additionally, observations under UV 

excitation were performed, allowing the identification of phytoplankton material, which is 

sometimes invisible in transmitted white light but well observed by fluorescence of 

hydrocarbon-rich fractions (Boussafir et al., 2012). The absolute quantification of organic 

particles was performed using a pollen standard (10 mg mL
-1

). The proportion of each 

organic fraction was estimated by counting more than 1000 surface units per microscope 

slide. Afterwards, a calculation of the absolute abundance of organic particles was done using 

an in-house macro function, which allows the estimation of a threshold in which the 

percentages of each compound do not vary anymore.  

 

2.2.2 Rock-Eval6
®

 (RE) pyrolysis 

 

RE pyrolysis is a widely used method to screen rock samples and evaluate its potential for 

hydrocarbon generation (Peters, 1986). In the last decades, its applications have extended to 

recent marine and lacustrine sediments (e.g. Baudin et al., 2015; Hare et al., 2014; Boussafir 

et al., 2012), providing valuable qualitative and quantitative information concerning 

accumulation and characterization of sedimentary OM. For further description of the method 

and of the parameters that can be obtained, please refer to Lafargue et al. (1998). Briefly, the 

RE analysis determines the amount of hydrocarbons (HC) that are released from a given 

sediment sample during a progressive heating that usually goes from 200°C to 600°C under 

N2 gas vector. Afterwards, certain parameters can be calculated. Since the recent OM-rich 

samples analyzed in this study are thermally labile, with possible presence of biogenic 

carbonate minerals weakly crystallized and sea salts (NaCl, sulfate), we did not use the 

classical RE program (Bulk-rock or pure OM modes) usually used for petroleum source rock 

samples, but a modified RE pyrolysis program adapted to our samples. The pyrolysis 

program used in this study started with an isothermal stage at 200 ºC for 2 minutes, then the 

oven temperature was raised at a rate of 30 ºC min
-1

 to 650 ºC (held 3 min). The oxidation 

phase (pyrolysis under purified air) corresponded to an isothermal stage at 400 ºC, then a 

ramp at 30 ºC min
-1 

to 850 ºC (held 5 min). This method is very close to the one proposed by 

Baudin et al. (2015) as standard mode for the analysis of recent OM. The proposed method 

avoids misleading interpretation of the RE data and makes it possible to intercompare the 

results regardless of the RE device used. Prior to the analysis, powdered samples were rinsed 

twice in demineralized water and dried at low temperature, then about 50 to 100 mg of this 

powder was used for the RE6
®
 analysis (Vinci Technologies, Rueil Malmaison). 

 

The RE parameters obtained during the pyrolysis and used in this study were:  

 

1. Total organic carbon (TOC), which reflects the quantity of OM in a given sediment 

sample in percentage. 
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2. Fraction S1 (mg HC g
-1 

sediment), represents the amount of free HC that can be thermo-

evaporated from the sample before 300°C.  

 

3. Fraction S2 (mg HC g
-1 

sediment), represents the amount of HC that can be generated by 

pyrolytic degradation of the sample between 300°C – 600°C. 

 

4. Hydrogen index (HI, mg HC g
-1

 TOC), represents the amount of HC produced during 

pyrolysis relative to TOC content (HI = S2/TOC x 100) and indicates the hydrogenated 

quality of the OM. 

 

5. Oxygen index (OI, mg CO2 g
-1

 TOC), represents the amount of oxygen produced as CO2 

during pyrolysis of a given sample relative to TOC (OI = S3/TOC x 100) and indicates 

either the oxygenated quality of OM or its degree of oxidation. 

 

6. TpS2, represents the temperature of the maximum S2 hydrocarbon generation in RE 6 

analysis and indicated either the labile or refractory character of the OM.  

 

2.3 Data treatment and statistical analyses 

 

All statistical analyses were performed using the R statistical platform (version 3.3.0). For 

generation of plots, the R package ggplot2 (Wickman, 2016) and the Sigmaplot software (version 

13.0) were used.   

  

To analyze the bathymetric variability, samples were grouped in four groups, continental shelf (0 

– 180m), OMZ (180 -350m), lower edge OMZ (350 – 600m) and slope (600 – 3000m). 

Additionally, samples were also grouped according to latitude (Table 1) in two groups, north (3°S 

– 9°S) and south (11°S – 15°S) for comparison purposes. Comparison of a given variable among 

different groups of samples was done either with a Student t-test or a Mann-Whitney test 

depending on the type of statistical distribution. 

 

To analyze the relationship among variables, a Pearson product-moment correlation was 

performed using the package Hmisc (Harrel et al., 2016). The relationship among variables and 

sites was analyzed by means of a Principal Component Analysis (PCA) and a Cluster analysis in 

order to determine depositional environments of OM along the PCM. PCA aims at representing 

major features in a dataset by using a reduced number of axes (Borcard et al., 2011). The PCA 

was performed using the package vegan (Oksanen et al., 2016). Since the variables included in 

the PCA had different dimensions, a standardization was made before the PCA analysis. 

3. Results 

 

3.1. Organic petrography (palynofacies analysis) 

 

3.1.1 Palynofacies observations and quantification 

 

Following the description of Pichevin et al. (2004) and Boussafir et al. (2012),  a total of eight 

organic particles were identified according to texture and morphology (Table 2). The particles 

were organized in three groups. 

1. The amorphous OM (AOM) group mainly characterized by organic particles with no-

define edges and an amorphous shape. These organic particles have been previously 
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linked to phytoplankton production (e.g. Pichevin et al. 2004; Boussafir et al. 1995a; 

Lallier-Vergès et al., 1993). Within the AOM group, we differentiated between gelified 

homogeneous AOM, gelified granular AOM and flaky AOM.  

2. The terrestrial group is composed of lignocellulosic debris and cuticles and spores. These 

organic particles are easily distinguishable and originate from fluvial and/or aeolian 

transport.  

3. A third group composed by framboidal pyrite, evidence of anoxic conditions in sediments 

(Pichevin et al., 2004), and gelified spherules, which show a perfectly round shape and do 

not show agglomeration, contrary to the gelified granular AOM.  

 

The quantitative palynofacies analysis showed a clear predominance of the AOM group along the 

PCM (Table 3). Within this group, the most abundant organic particle was the gelified 

homogeneous AOM, evidencing the high phytoplanktonic production of the study area, followed 

by flaky AOM and gelified granular AOM. Among the non-amorphous organic particles, pyrite 

and gelified spherules showed the highest average abundance, while lignocellulosic debris and 

cuticles and spores, representing the terrestrial organic particles, were the less abundant. 

 

3.1.2 Latitudinal and bathymetric distribution of palynofacies 

 

Within the AOM group, all fractions showed a trend to increase from north (3°S – 9°S) to south 

(11°S – 15°S) (Figure 2), although significant differences were only found for the latitudinal 

distribution of flaky AOM and gelified granular AOM (Mann Whitney test, p < 0.05). The 

samples retrieved from the continental shelf and OMZ between Huacho (11°S) and San Juan 

(15°S) showed the highest abundances of the AOM group, up to 120.5 mg g
-1

 sed. Along the 

slope, an increase in the abundance of the AOM group was observed from north to south. 

 

Along the PCM, terrestrial organic particles increased from north to south (Figure 2). The 

abundance of cuticles and spores showed significant differences (Mann Whitney test, p < 0.05) 

between north (3°S – 9°S) and south (11°S – 15°S), dominating the terrestrial fraction in the 

north. Towards the south, lignocellulosic debris increased, although no significant differences 

were found. At the bathymetric level, the highest abundances of the terrestrial fraction were found 

in the continental shelf between Huacho (11°S) and San Juan (15°S) where lignocellulosic debris 

dominated (up to 5.2 mg g
-1

 sed off Pisco), and along the slope where cuticles and spores 

dominated (Figure 2).   

 

The highest abundances of pyrite and gelified spherules were found in the continental shelf and 

OMZ between Huacho (11°S) and San Juan (15°S) (12.3 mg g
-1

 sed and 7.6 mg g
-1

 sed 

respectively) (Figure 3). In the inner shelf (< 100 m depth) between 11°S and 12°S (Huacho - 

Callao) pyrite dominated, while in the outer shelf (> 100 m depth) and OMZ between 14°S and 

15°S (Pisco - San Juan) gelified spherules dominated (Figure 3). Overall, in other areas of the 

PCM, the abundance of pyrite and gelified spherules was quite low, except for one sample from 

the OMZ of Piura (5°S) and the slope of Chimbote (9°S).     

 

3.2 Bulk geochemistry (Rock-Eval analysis) 

 

3.2.1 Rock-Eval (RE) parameters 

 

The RE analysis allowed to obtain parameters for both OM accumulation (TOC, fractions S1 and 

S2) and OM geochemical quality (HI, OI and TpS2). Along the PCM, TOC values varied 

between 1% to 12%, with a maximum value of 11.6 % off Callao (12°S) (Table 3). Fraction S2 

(25.5 ± 13.7 mg HC g
-1

) was on average twenty times higher than fraction S1 (0.1 ± 0.1 mg HC g
-
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1
) in surface sediments of the PCM (Table 3). Despite the dominance of fraction S2, both 

fractions showed a significant positive correlation (r = 0.85, p < 0.05) (Supplementary Table S1). 

Aditionally, both fractions showed a positive significant correlation with TOC (r = 0.85 and r = 

0.97 respectively, p < 0.05; Supplementary Table S1), evidencing its important contribution to the 

TOC along the PCM. TpS2 values ranged between 434°C and 464 °C (Table 3), typical for recent 

sediments (Boussafir et al., 2012). TpS2 showed a negative significant correlation with fraction 

S2 (r = -0.6, p < 0.05; Supplementary Table S1), thus a decrease in temperature is associated to an 

increase in the production of fraction S2. 

   

A classical representation of both HI and OI is usually done using a modified van Krevelen 

diagram, in which both indexes are plotted against each other (Supplementary Figure S1). Along 

the PCM, the HI was comprised between 300 and 500 mg HC g
-1

 TOC, whilst OI values ranged 

between 100 and 190 mg CO2 g
-1

 TOC (Table 3). These values are typical for OM of marine 

origin (Peters et al., 2005). The distribution of the samples in the modified van Krevelen diagram 

(Supplementary Figure S1) showed that the OM from surface sediments of the PCM is 

characterized by a similar signature to that of type II sedimentary OM, although slightly more 

oxygenated. During the diagenetic evolution of the recently deposited OM, it will first lose its 

oxygenation function leading to a general decrease in OI. Afterwards, this OM will correspond 

perfectly to the classic signal of OM deposited in a marine environment, which is considered 

mainly from algal origin (Bordenave et al., 1993; Tissot and Welte 1984).  

 

3.2.2 Latitudinal and bathymetric distribution of RE parameters 

 

OM accumulation parameters (TOC, fractions S1 and S2) showed a trend to increase from north 

to south of the PCM (Figure 4A, 4B). Highest values were found in two samples from the outer 

continental shelf of Callao (100 m – 215 m) and in samples from the OMZ of Callao (12°S) and 

Pisco (14°S). Lowest values corresponded to samples from the slope except for one sample from 

the continental shelf of Chimbote (9°S). The HI also showed a similar trend as the accumulation 

parameters (Figure 5A), with high values towards the south of the PCM compared to the north 

(Figure 5A). High values of HI occurred in the continental shelf and OMZ of Callao (12°S) and 

Pisco (14°S), and lowest values in the slope. The OI showed higher variability compared to the HI 

(Figure 5B), with no evidence for an increase/decrease related to latitude. Lowest OI values were 

found off Piura (5°S) and in one sample from the lower edge of the OMZ of Pisco (14°S). The 

highest OI value occurred in the inner continental shelf of Callao (12°S) and in the lower edge of 

the OMZ of Huacho (11°S). TpS2 increased from south to north of the PCM and from the 

continental shelf towards the slope (Figure 6). Low values of TpS2 occurred in the continental 

shelf and OMZ of Callao (12°S) and Pisco (14°S), while high values occurred between Tumbes 

(3°S) and Trujillo (8°S).  

 

3.3 Principal component analysis (PCA) 

 

In order to determine the main depositional environments of OM along the PCM, a principal 

component analysis (PCA) was performed (Figure 7). This analysis provided an overview of the 

relationships between petrographical (palynofacies analysis), geochemical (RE analysis) and 

environmental variables (dissolved oxygen and depth). Since the absolute quantification of 

organic particles revealed the AOM fraction was at least 10 times higher compared to the 

terrestrial fraction (Figure 2, Table 3), changes in OM composition and accumulation along the 

PCM are mainly the result of diagenetic processes. Therefore, the terrestrial organic particles have 

been excluded from the PCA analysis.  
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The PCA showed that the two first components (i.e. axes) explained 66% of the variability in the 

data. Principal component 1 (PC1) accounted for 47% of the total variability, while principal 

component 2 (PC2) accounted for 19%. The PCA performed displays variables as vectors and a 

circle of equilibrium contribution (Figure 7). The variables whose vectors are longer than the 

radius of the circle have a larger contribution to the variability of the data than those whose length 

is shorter (Borcard et al., 2011). Therefore, the most important variables were gelified 

homogeneous AOM, flaky AOM, pyrite, TOC, fraction S2, depth and dissolved oxygen.   

 

The PCA analysis showed a bathymetric gradient from left to right (Figure 7), starting with 

samples from the continental shelf and OMZ of Callao (12°S) and Pisco (14°S), and ending with 

samples from the slope. Following this gradient, four groups of samples were identified and 

associated to specific variables. This grouping was further confirmed by a cluster analysis 

performed using the factor scores obtained from the PCA analysis (Supplementary Figure S2).  A 

first group was formed by samples from the outer continental shelf of Callao (> 100 m depth) 

(12°S) and OMZ of Pisco (14°S), which plotted to the left side of the biplot (Figure 7, Figure S2). 

This group of samples displayed high values of S1, S2, TOC, HI, gelified spherules, gelified 

granular AOM and gelified homogeneous AOM. A correlation analysis showed good positive 

correlations (p < 0.05) among these variables, except for HI that showed overall low correlation 

coefficients compared to the other RE parameters (Supplementary Table S1). The samples in this 

group also showed low values of TpS2 (Figures 6 and 7). DO values varied between Callao and 

Pisco, the samples from the outer continental shelf of Callao were characterized by suboxia (DO 

< 0.1 mL L
-1

, Karstensen et al., 2008), while off Pisco DO values ranged from 0.1 to 0.4 mL L
-1

.  

 

A second group was formed by two samples from the inner shelf (< 100 m depth) of Callao 

(12°S) (Figure 7, Figure S2). Both samples displayed high values of pyrite and flaky AOM 

(Figure 7). The most coastal sample at 48 m depth displayed the highest OI, while the sample at 

92 m depth displayed the second highest value of HI. DO showed minimum values for both 

samples, while TpS2 showed intermediate values (Figure 6). A third group of samples plotted 

around the center of the biplot (Figure 7, Figure S2) and was formed by samples from the outer 

continental shelf of Chimbote (9°S) and Pisco (14°S), the OMZ of Tumbes (3°S) and Piura (5°S), 

the lower edge of the OMZ and two samples from the slope. All the samples in this group showed 

intermediate to low values for all measured variables and were not spread out by axes 1 and 2 of 

the PCA. Finally, a fourth group was formed by samples plotting at the lower right of the biplot 

(Figure 7, Figure S2). These samples corresponded entirely to the slope. Overall, the samples in 

this group displayed high values of DO (up to 2.0 mL L
-1

), TpS2, and low values of flaky AOM, 

TOC, fractions S1 and S2, and HI.  

 

4. Discussion 

4.1 Variability of organic and geochemical parameters along the PCM 

 

The predominance of the AOM fraction, linked to phytoplankton production (e.g. Pichevin et al. 

2004; Boussafir et al. 1995a; Lallier-Vergès et al., 1993), revealed an overwhelming marine 

origin for the OM deposited in surface sediments along the PCM (Figure 2). Previous studies in 

the area (Gurgel, 2008; Lückge et al., 1996; Powell et al., 1990; ten Haven et al., 1990) and in the 

upwelling systems of Benguela (Pichevin et al., 2004) and Chile (Valdés et al., 2009) also 

revealed an overwhelming predominance of the AOM fraction in sediments. Thus, this non-

structured OM aggregate is a typical proxy of high productivity areas. The latitudinal distribution 

of the AOM fraction along the PCM further confirms this, with high productivity areas located 

south of 10°S (Calienes et al., 1985) characterized by higher absolute abundances of the AOM 
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fraction compared to less productive areas north of 10°S (Calienes et al., 1985) characterized by 

lower absolute abundances (Figure 2). 

 

The present study is unique since it presents an absolute quantification (mg g
-1

 sed) of the organic 

particles, contrary to past studies in the PCM (Gurgel, 2008; Lückge et al., 1996; Powell et al., 

1990; ten Haven et al., 1990) and studies from other regions (Valdés et al., 2009, Pichevin et al., 

2004) where a relative quantification was performed. An absolute quantification of organic 

particles allows a better interpretation of OM composition and preservation. Among the identified 

AOM particles, the gelified homogeneous AOM showed the highest absolute abundance (Table 3, 

Figure 2). Gelified AOM has also been identified in palynofacies from the upwelling systems of 

Benguela (Pichevin et al., 2004) and Chile (Valdés et al., 2009), and has been associated to 

sedimentary environments that favor OM preservation. In sediments from the PCM, Gurgel 

(2008) reported the gelified AOM fraction represented more than 50% of all identified OM 

fractions. According to Boussafir et al. (1995a) the relative contribution of the gelified AOM 

fraction to the total OM increases with an increase in organic productivity. In the PCM, the high 

positive correlation between the gelified homogenous AOM and TOC (r = 0.89, p < 0.05; 

Supplementary Table S1) further confirms this organic particle is associated to high accumulation 

of OM. The gelified AOM fraction showed an increase in absolute abundance towards the south 

of the PCM (Figure 2), characterized by conditions of high primary production (Calienes et al., 

1985). Furthermore, the dominance of this fraction in the outer continental shelf (> 100 m depth) 

of Callao (11°S – 12°S) and in the OMZ of Pisco and San Juan (14°S – 15°S) (Figure 2) suggest 

these areas promote the accumulation and preservation of OM in sediments.  

 

Amorphous aggregates along the PCM were not only present as gelified particles, but also as 

flaky AOM (Table 2). Gurgel et al. (2008) previously reported the presence of this organic 

particle in ancient sediments from the PCM, although its relative abundance was lower compared 

to the gelified AOM. Valdés et al. (2009) also reported the presence of a diffusive, yellow AOM 

particle (similar to the identified flaky AOM), which was linked to low productivity 

environments. The lack of significant correlation between the flaky AOM and TOC values in this 

study (Supplementary Table S1) suggests indeed that this organic particle is linked to 

environments that promote OM degradation. Thus, the dominance of flaky AOM among the 

amorphous aggregates in the inner shelf (< 100 m depth) of Huacho and Callao (11°S – 12°S) 

(Figure 2) indicates this area does not promote OM accumulation. 

  

Gelified spherules were also identified among the palynomorphs of the PCM (Table 2). Gutiérrez 

et al. (2009) and Lückge et al. (1996) already reported the presence of gelified spherules in 

ancient sediments from the PCM. Pichevin et al. (2004) and Gurgel (2008) related the presence of 

gelified spherules to high productivity in upwelling areas, whereas Lallier-Vergès et al. (1993) 

considered them as framboidal pyrite precursors. In the present study, the good positive 

correlation found between gelified spherules with the gelified AOM fractions and TOC 

(Supplementary material Table S1) indicates their presence indeed characterizes high productivity 

environments. In fact, highest abundances of gelified spherules were reported in the outer 

continental shelf (> 100 m depth) of Callao and OMZ of Pisco, further evidencing these areas 

promote OM preservation (Figure 3).  

 

Along the Peruvian coast, terrigenous material reaches the continental shelf mainly by aeolian 

transport (Saukel et al., 2011), but also by fluvial transport. Fluvial input to the ocean varies 

according to river discharge, being more important in the northern coast where large rivers 

dominate compared to the south (Scheidegger and Krissek, 1982). Coastal currents then play an 

important role by distributing this allochthonous material along the PCM (Montes et al., 2010). 

High absolute abundances of terrestrial particles towards the south (Figure 2) where fluvial input 

is less important (Scheidegger and Krissek, 1982) and the AOM fraction dominates the identified 
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palynomorphs, indicate that indeed coastal currents play a primary role in distributing the 

allochthonous material along the PCM. Additionally, the presence of terrestrial particles in the 

slope (Figure 2) far away from the continent further confirms transportation processes play a key 

role in the distribution of organic particles, as was previously proposed by past studies (Arthur et 

al., 1998; Lückge et al., 1996) The latitudinal distribution of terrestrial particles reported in this 

study demonstrates that marine sources still contribute largely to the sedimentary OM deposited 

in northern sediments of the PCM.  

 

Along the PCM, TOC values were higher than the mean value obtained in surface sediments of 

Chile (e.g. Valdés et al., 2009; Niggemann et al., 2007) and in the same range obtained for ancient 

sediments of Peru (ten Haven et al., 1990). Carrie et al. (2012) reported fraction S1 to be 

composed of small organic molecules (<500 Da) considered as the free hydrocarbon fraction 

corresponding to the light extractable bitumen. Lipids and remains of phyto- and zooplankton 

tissues composing the AOM contributed more to the pyrolyzed insoluble proto-kerogen and 

heavy bitumen expressed in fraction S2. Along the PCM, fractions S1 and S2 had a major 

contribution to the sedimentary OM in the south (11°S – 15°S), especially in the outer continental 

shelf (> 100 m depth) of Callao and OMZ of Pisco, where the highest values of TOC, fractions S1 

and S2 were found (Figure 4A, 4B). According to Boussafir et al. (2012), a negative correlation 

between fraction S2 and TpS2 evidences the deposit of easily pyrolyzable OM, possibly fresh 

and/or slightly degraded. Low TpS2 values occurred towards the south of the PCM (11°S – 15°S) 

in the outer shelf (> 100 m depth) of Callao and OMZ of Callao and Pisco (Figure 6), further 

suggesting this area as ideal for OM preservation and accumulation. Furthermore, high HI values 

in this area (Figure 5A) confirm enhanced preservation of lipid-rich OM occurs (Arthur et al., 

1998). Towards the slope, higher pyrolytic TpS2 (Figure 6) shows that the OM transported and 

redeposited to deeper parts experience a higher degree of degradation and thus is more 

recalcitrant.  

 

4.2 Depositional environments of OM along the PCM 

 

Based on the observed trends and on the PCA and cluster results, we were able to identify three 

depositional environments of OM along the PCM corresponding to sample groups 1, 2 and 4 

(Figure 7, S2).  Group 3 was excluded as a depositional environment since it was not spread out 

by axes 1 and 2 from the PCA and was formed by samples from different depths ranging from the 

continental shelf to the slope. A first depositional environment corresponds to the outer 

continental shelf of Callao (> 100 m depth) (12°S) and OMZ of Pisco (14°S) (group 1 PCA – 

Figures 7, S2), characterized by high values of S1, S2, TOC, HI, gelified spherules and gelified 

AOM and low values of TpS2. Previous studies have linked the dominance of gelified AOM to 

areas that promote OM preservation, mainly characterized by suboxic conditions (Valdés et al., 

2009; Pichevin et al., 2004). Additionally, low values of TpS2 have been associated to the 

presence of freshly produced or slightly degraded OM (Boussafir et al., 2012). Thus, this first 

depositional environment, corresponding to the outer continental shelf of Callao and OMZ of 

Pisco, favors OM accumulation and preservation under conditions of minimum DO (< 0.5 mL L
-

1
).   

 

Variations in morphology of the continental shelf occur along the Peruvian margin. Of Callao, the 

continental shelf presents its maximum wideness, then it narrows of Pisco (14°S) (Teves and 

Evangelista 1976). Differences in OM accumulation between the continental shelf of Callao and 

Pisco were observed. Samples from the outer continental shelf of Callao (12°S) and OMZ of 

Pisco (14°S) correspond to the first depositional environment, while samples from the continental 

shelf of Pisco (14°S) correspond to group 3 of the PCA (Figure 7, S2), which has not been 

considered as a depositional environment. High OM accumulation occurs in the continental shelf 

of Callao (12°S), while of Pisco (14°S), more OM accumulates in the OMZ compared to the 
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continental shelf (Figures 4 and 7). According to Monteiro et al. (2011), areas where the shelf is 

narrow promote high export of particulate organic carbon towards the OMZ, while areas where 

the shelf is wide, promote retention of organic material and less export towards the OMZ. 

Therefore, the differential OM accumulation between the continental shelf of Callao and Pisco 

can be explained based on the wideness of the continental shelf. 

 

A second depositional environment corresponds to the inner shelf of Callao (< 100 m depth) 

(12°S) (group 2 PCA - Figure 7, Figure S2), characterized by high values of pyrite and flaky 

AOM, intermediate values of TpS2 and minimum DO values. The presence of flaky AOM has 

been previously related to environments that promote OM degradation (Valdés et al., 2009). 

Pyrite formation in the sediments, indicative for anoxia and anaerobe OM degradation, is 

determined by the availability of dissolved Fe and the amount of metabolizable OM that reaches 

the sea floor (Berner, 1985). The inner shelf of Callao is characterized by high abundance of Fe (> 

50 nM; Bruland et al., 2005), thus the supply of metabolizable OM to the sediments in this 

shallow environment could promote OM degradation via bacterial sulfate reduction producing 

H2S and thus leading to pyrite formation. The inner shelf of the central Peruvian coast is also 

characterized by strong redox oscillations (Dale et al., 2015; Scholz et al., 2011), which promote 

intense OM degradation (Aller, 1994) and thus could explain high values of both HI and OI in 

this area (i.e. preservation of hydrogenated and oxygenated OM). Further evidence of OM 

degradation in the inner shelf of Callao is given by the high OI value. Overall, OI can indicate 

both OM origin and degradation. OM from marine sources contains fewer oxygen than OM from 

terrestrial origin, additionally OM oxidation leads to an increase in oxygen content (Hare et al., 

2014). In the inner shelf of Callao, abundance of terrestrial organic particles is minimum (< 4 mg 

g
-1

 sed) compared to the AOM fraction (up to 56 mg g
-1

 sed) (Figure 2), thus changes in OI can be 

attributed solely to OM oxic degradation, leading to a decrease in TOC (Figure 5B).  

 

High phytoplanktonic production and high input of metabolizable OM is key for the accumulation 

of hydrogen rich OM (Boussafir et al., 1995a). Among the AOM group, HI significantly 

correlated with both gelified homogeneous AOM and flaky AOM (Supplementary Table S1). 

Additionally, HI showed good positive correlation with fractions S1 and S2, but no correlation 

was found with TOC, DO and depth (Supplementary Table S1). Off Trujillo (7°S) and Pisco 

(14°S), Emeis et al. (1991) found a close relationship between the increase of HI and the low 

availability of oxygen, possibly related to a preferential preservation of hydrogen-rich OM under 

suboxic conditions (Dean et al., 1986). Nevertheless, the pattern observed in both the first and 

second depositional environments indicate that different conditions of OM accumulation and 

preservation can lead to high HI, contrary to what has been observed in ancient sediments of the 

PCM (Salvatteci et al., 2016).  

 

A third and final depositional environment corresponds to the slope (group 4 PCA – Figure 7, 

S2), characterized mainly by high values of DO (up to 2.0 mL L
-1

) and TpS2 (Figure 6), low 

values of TOC and fractions S1 and S2 (Figure 4A, 4B). Thus, the slope is an area where low 

accumulation of OM occurs compared to the other defined depositional environments. 

Nevertheless, three samples from the slope of Piura (5°S), Chimbote (9°S) and Pisco (14°S) 

showed relatively high values of HI (Figure 5A). Along the PCM, OM preservation in deep 

sediments is favored in upwelling areas (ten Haven et al., 1990). Lückge et al. (1996) reported 

OM accumulation in sediments beyond the influence of upwelling and of the OMZ, proposing 

that transportation processes, like turbidity currents and mass flow, could be equally important as 

bioproductivity in the accumulation and preservation of OM in deep sediments of the PCM. 

Arthur et al. (1998) also proposed bottom currents could exert a control on OM accumulation by 

reworking surface sediments. Dale et al. (2015) reported high sedimentation rates and carbon 

burial efficiency at deep oxygenated sites, probably related to deposition of reworked material 

originating from sites higher up on the slope. Therefore, transportation processes along the slope 
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could explain the presence of OM with relatively high HI. Thus, the slope appears to be an area 

where i) less accumulation of OM occurs compared to the other depositional environments and ii) 

eventual accumulation of hydrogen-rich OM could occur related to downward transport 

processes. 

 

The overall distribution pattern of both petrographical and geochemical features of the 

sedimentary OM responded to large-scale variability of oceanographic conditions along the PCM. 

Towards the south, increase in primary production and a more intense OMZ determine higher 

accumulation of OM, as evidenced by the distribution of the AOM fraction (Figure 2), gelified 

spherules (Figure 3), TOC, fractions S1 and S2 (Figure 4A, 4B) and HI (Figure 5A). 

Nevertheless, short-scale oceanographic variability determines specific patterns of OM 

distribution. Along the PCM, three well-defined depositional environments have been identified: 

i) outer shelf of Callao (12°S) and OMZ of Pisco (14°S), where high OM accumulation and 

preservation occur; ii) inner shelf of Callao (12°S), where redox oscillations promote intense OM 

degradation preventing high OM accumulation; and iii) the slope, where transportation processes 

promote a mixed signal of OM degradation and accumulation.  

 

5. Conclusions 

 

The present study characterized the OM deposited in surface sediments along the PCM by means 

of organic petrography and RE analysis, allowing the identification and description of three main 

OM depositional environments. Observations of isolated OM by light microscopy allowed to 

characterize the different types of OM and to show that the initial gelification process of 

phytoplanktonic OM is at the origin of the different preserved organic fractions in this 

environment. This observation shows that the OM preserved in oil prone sediments acquire its 

morphological and textural character, as well as its hydrogenated or oxygenated quality, early 

during sedimentation and diagenesis. This qualitative OM character is preserved and provides 

valuable information regarding environmental interpretations in marine sediment records. 

 

Along the PCM, OM accumulation and preservation in recent sediments are influenced by factors 

such as primary production patterns, bottom dissolved oxygen, depth and transport processes. The 

best records of well-preserved OM are found in the outer shelf of Callao (12°S) and OMZ of 

Pisco (14°S), while in the inner shelf of Callao and along the slope less OM accumulates. Outside 

these areas, a mixed signal of OM accumulation and preservation is observed. This study also 

provided the opportunity to evaluate certain geochemical proxies routinely used in 

palaeoceanographic studies (e.g. HI, OI), putting in evidence that palaeoceanographic 

interpretations should be done with caution and using a multi-proxy approach. Indeed, the 

quantitative and qualitative variations obtained by the RE analysis showed a certain heterogeneity 

in the distribution of the OM preserved in surface sediments of the PCM, with an increase in the 

amount of bio resistant OM and an eventual transfer of part of the labile OM to deep areas.  
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Tables 

 

Table 1. Information from the 29 surface sediment samples collected along the Peruvian 

continental margin. 

 

Site Latitude Depth (m) 
Dissolved oxygen 

(mL L
-1

) 
Distance to the 

coast (km) 

Tumbes 3°S 

350 0.53 29 

701 0.47 34 

995 1.06 31 

Piura 5°S 

307 0.46 29 

1252 1.54 41 

2607 2.18 51 

Trujillo 8°S 

359 0.29 103 

626 0.29 120 

1012 0.90 119 

Chimbote 9°S 

114 0.41 90 

437 0.49 111 

1107 1.20 147 

Huacho 11°S 

210 0.20 41 

424 0.24 63 

1933 2.09 99 

Callao 12°S 

48 0.08 8 

92 0.23 15 

117 0.06 25 

142 0.07 40 

175 0.11 57 

214 0.02 60 

Pisco 14°S 

120 0.24 10 

179 0.19 17 

303 0.14 25 

312 0.35 30 

396 0.36 33 

743 0.32 44 

1018 1.23 37 

San Juan 15°S 290 0.29 28 
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Table 2. Description of organic particles (palynofacies) identified in surface sediments from the 

Peruvian Continental Margin.  

TYPE OF ORGANIC 

PARTICLE 
Microscopic image DESCRIPTION 

A
M

O
R

P
H

O
U

S
 O

R
G

A
N

IC
 M

A
T

T
E

R
 (

A
O

M
) 

F
R

A
C

T
IO

N
 

Gelified 

homogeneous 

AOM 

 

Organic particle characterized by a perfectly 

amorphous texture, without an apparent structure. 

Can be orange, red, brown or black. Presents very 

define edge. 

Gelified granular 

AOM 

 

Organic particle observed as aggregates formed 

by very little particles of gelified appearance 

Flaky AOM 

 

Organic particle with a scatter amorphous 

texture, without define edge. General color is 

yellow. 

T
E

R
R

E
S

T
R

IA
L

 O
R

G
A

N
IC

 

P
A

R
T

IC
L

E
S

 

Lignocelulosic 

debris 

 

Fragments of tissue from vascular plants. Can be 

present in the form of gelified lignocelulosic 

debris or as opaque debris. 

Cuticles and spores 

 

Well-structured tissues from terrestrial plants. 

Associated in this picture with gelified 

homogenous orange AOM.  

P
Y

R
IT

E
 A

N
D

 G
E

L
IF

IE
D

 

S
H

E
R

U
L

E
S

 

Pyrite 

 

Pyrite in framboidal form observed under 

reflected light microscopy. 

Gelified spherules 

 

Perfectly round spherules with well-defined 

edges. Can be black, brown or orange. Here 

included in gelified granular AOM. 
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Table 3. Descriptive statistics of all the variables derived from both the palynofacies analysis 

(organic petrography) and the Rock-Eval analysis.  

 

Variables Average Maximum Minimum 
Standard 

deviation 

Palynofacies 

analysis  

(mg g
-1

 sed) 

Gelified homogeneus AOM 49.3 120.5 0.8 28.5 

Gelified granular AOM 7.8 31.6 0.0 7.9 

Flaky AOM 19.7 56.2 5.6 10.4 

Lignocelulosic debris 1.0 5.2 0.0 1.4 

Cuticles and spores 1.5 8.5 0.0 2.2 

Pyrite 2.0 12.3 0.0 2.9 

Gelified spherules 1.6 7.6 0.0 2.1 

Rock-Eval 

analysis 

TOC (%) 5.8 11.6 1.5 2.7 

Fraction S1 (mg HC g
-1

) 0.1 0.3 0.0 0.1 

Fraction S2 (mg HC g
-1

) 25.5 55.1 6.4 13.7 

Hydrogen Index (mg HC g
-1

 TOC) 431 496 317 44 

Oxygen Index (mg CO2 g
-1

 TOC) 133 191 105 18 

 TpS2 (°C) 450 460 434 6 
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Figure captions 

 

Figure 1. Map showing the distribution of the 29 surface sediment samples collected along the 

Peruvian continental margin from Tumbes (3°S) to San Juan (15°S). The color scale represents 

average bottom dissolved oxygen from 1996 to 2006 (El Niño years have been excluded; source: 

Instituto del Mar del Perú - IMARPE; D. Gutiérrez, pers. comm).  

 

Figure 2. Bathymetric and latitudinal variability of the amorphous organic matter (AOM) group 

formed by gelified homogeneous AOM (ghAOM), flaky AOM (fAOM) and gelified granular 

AOM (ggAOM), and the terrestrial organic fractions lignocellulosic debris (L. debris) and 

cuticles and spores (Cut. & Sp.) Organic particles were analyzed by palynofacies analysis 

(organic petrography). For further detail on these fractions, please refer to section 3.1.  

 

Figure 3. Latitudinal and bathymetric variability of pyrite and gelified spherules (gsph) analyzed 

by palynofacies analysis (organic petrography). For further detail on these fractions, please refer 

to section 3.1.  

 

Figure 4. Fraction S1 vs total organic carbon (A) and fraction S2 vs total organic carbon (B) for 

all samples collected along the Peruvian continental margin. The green color scale depicts the 

north sampling region (3°S – 9°S) and the blue color scale the south sampling region (11°S – 

15°S). Symbols depict bathymetry. For more detail on the samples grouping please refer to 

section 2.3. 

 

Figure 5. Hydrogen index vs total organic carbon (A) and oxygen index vs total organic carbon 

(B) for all samples collected along the Peruvian continental margin. The green color scale depicts 

the north sampling region (3°S – 9°S) and the blue color scale the south sampling region (11°S – 

15°S). Symbols depict bathymetry. For more detail on the samples grouping please refer to 

section 2.3. 

 

Figure 6. Fraction S2 vs TpS2 for all samples collected along the Peruvian continental margin. 

The green color scale depicts the north sampling region (3°S – 9°S) and the blue color scale the 

south sampling region (11°S – 15°S).Symbols depict bathymetry. For more detail on the samples 

grouping please refer to section 2.3. 

 

Figure 7. Principal component analysis (PCA) performed among petrographical variables 

(excluding terrestrial organic fractions), geochemical variables, dissolved oxygen (DO) and depth. 

The green color scale depicts the north sampling region (3°S – 9°S) and the blue color scale the 

south sampling region (11°S – 15°S).Symbols depict bathymetry. For more detail on the samples 

grouping please refer to section 2.3. AOM: amorphous organic matter, fAOM: flaky AOM, 

ggAOM: gelified granular AOM, ghAOM: gelified homogeneus AOM, gsph: gelified spherules, 

TOC: total organic carbon, S1: fraction S1, S2: fraction S2, HI: hydrogen index, OI: oxygen 

index. 
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HIGHLIGHTS 

 

 

Characterization of depositional environments of organic matter along the Peruvian continental 

margin. 

 

Organic matter accumulation in outer shelf areas and oxygen minimum zone.  

 

Low organic matter accumulation at inner shelf settings. 

Transport processes affect organic matter accumulation at slope settings. 
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