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Abstract This paper presents the oil-suspended particulate
matter aggregate (OSA) resulted from the interaction of drop-
lets of dispersed oil in a water column and particulate matter.
This structure reduces the adhesion of oil on solid surfaces,
promotes dispersion, and may accelerate degradation process-
es. The effects of the addition of fine sediments (clay+silt) on
the formation of OSA, their impact on the dispersion and
degradation of the oil, and their potential use in recovering
reflective sandy beaches were evaluated in a mesoscale simu-
lation model. Two simulations were performed (21 days), in
the absence and presence of fine sediments, with four units in
each simulation using oil from the Reconcavo Basin. The
results showed that the use of fine sediment increased the
dispersion of the oil in the water column up to four times in
relation to the sandy sediment. There was no evidence of the
transport of hydrocarbons in bottom sediments associated
with fine sediments that would have accelerated the dispersion
and degradation rates of the oil. Most of the OSA that formed
in this process remained in the water column, where the deg-
radation processes were more effective. Over the 21 days of
simulation, we observed a 40 % reduction on average of the
levels of saturated hydrocarbons staining the surface oil.
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Abbreviations

SPM Suspended particulate matter

OSA Oil-suspended particulate matter aggregates
TPHs Total petroleum hydrocarbons

TOC Total organic carbon

LEPETRO Laboratory for the Study of Petroleum
GC-FID Gas chromatography with a flame

ionization detector
oM Organic matter

PCA Principal component analysis

HCA Hierarchical cluster analysis

Pr Pristane

Ph Phytane

CAPES Coordination for the Improvement
of Higher Education Personnel

Introduction

The beach’s morphology and particle size and the hydrody-
namic characteristics of its sedimentary material were ana-
lyzed in an integrated manner to classify the beach in stages
of'its beach evolution (Wright and Short 1984). As an extreme
stage within the hydromorphological context, reflective
beaches have a steep beach face, usually consist of coarse
sand, and have a small stock of subaqueous sediments.
Thus, waves dissipate low energy when interacting with the
substrate and tend to break directly on the beach face, so there
is a narrow surf zone where waves of ascending and plunging
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types form (Wright and Short 1984; Hoefel 1998; Calliari
et al. 2003).

When an oil spill reaches the coast, it tends to move
over the beach face in a similar way as sediment transport
is carried by waves. Reflective beaches usually have a
short beach face thus creating a smaller deposition area
for oil. However, the predominance of larger sediment
grain size, poor selection, and a low degree of compaction
increases the penetration capability and permanence of the
oil (ITOPF 2011).

Traditional methods of cleaning and remediating spills on
beaches using absorbent materials, manual/mechanical re-
moval, vacuum pumping, and blasting water (API 1985;
ITOPF 2011) are problematic in regard to reflective beaches.
The high mobility of the sediment prevents vehicular traffic,
and the penetration of the oil in the sediment causes the re-
moval of a large amount of sediment, so the impacts on biotic
communities within the intertidal zone can be severe (Fricke
et al. 1981; Owens 1999; Cantagallo et al. 2007).

An alternative that is also used is monitored natural atten-
uation, where weathering processes can degrade spilled oil. It
is estimated that two important physical-chemical processes
that occur during the natural process of cleaning a beach after
an oil spill are as follows: (a) abrasion of the waves and (b) the
interaction of oil with suspended particulate matter (SPM)
forming oil-suspended particulate matter aggregates (OSA).
OSA is a microscopic structure that can remain stable for
weeks, formed from a natural process where oil droplets and
sediment particles interact in a turbulent aqueous medium (Le
Floch et al. 2002; Stoffyn-Egli and Lee 2002).

The importance of OSA formation in cleaning coastal en-
vironments has motivated many studies on aggregation in
different conditions. In situ tests that accelerated the formation
of OSA by increasing the concentration of sediment showed
that the remobilization of sediment in the intertidal zone (surf
washing) can effectively increase the formation of OSA and
the dispersion of the oil (Lunel et al. 1996; Owens and Lee
2003; Sergy et al. 2003). However, the technique will only be
effective if the sediment present characteristics that favor the
aggregation.

Bandara et al. (2011) used a mathematical model to show
that more than 80 % of an oil spill can interact with the
suspended particulate matter and that up to 65 % of the oil
can be removed from the water column by aggregation with
SPM. However, laboratory experiments suggest that the ad-
sorption of oil onto sediment occurs more significantly with
clay and silt sediment particle sizes (Ajijolaiya et al. 2006;
Guyomarch et al. 2002; Stoffyn-Egli and Lee 2002).

Thus, in high-energy coastal environments such as reflec-
tive beaches, sediments with high grain size have limited po-
tential for the formation of OSA. Considering the hypothesis
that fine sediments tend to transport offshore, the use of mud-
dy sediment (clay+silt) can promote an increased interaction
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between oil and SPM, which may be used to increase the
dispersion and degradation of the oil in these environments.

The purpose of this study was to evaluate the following in
controlled laboratory conditions: (i) the effects of sediment on
oil dispersion, (ii) the impact of OSA formation on oil degra-
dation, and (iii) the potential use of fine sediments (clay+silt)
in the recovery of reflective beaches impacted by oil.

Materials and methods
Collection and characterization of sediments

The sandy sediments used in the simulation model of reflec-
tive beaches were collected in the intertidal zone of the beach
at Mar Moreno, adjacent to the mouth of the Jequitinhonha
River, Bahia, Brazil. Recently, oil exploration blocks were
granted in the region by the National Agency of Petroleum,
Natural Gas and Biofuels (ANP 2005), resulting in a potential
impact on the area. The morphodynamic characterization of
the beach was performed using the parameters described in
Table 1, with the beach being classified as reflective (Wright
and Short 1984). Thus, it was possible to establish a correla-
tion between the sediment used and the proposed
morphodynamic stage in the model.

To accelerate the training of OSA, surface sediments were
collected at six points in the mangrove estuary of the Una
River, Bahia, Brazil. This environment is one of low energy
with predominantly low granulometry sediments and high
concentrations of organic matter.

Table 1  Characterization of the sediment sources from the beach of
Mar Moreno and the municipality of Belmonte, Bahia, Brazil, used in the
simulations of reflective beaches

Station Belmonte

Geographic coordinates 12°42' 09" S, 38° 55" 17" W

Hb (m) 1.9

T (s) 10.2
5 11.5

ws 0.1281
Surf Plunging
% coarse sand 76.34

% sand media 2.07

% fine sand 18.78

% silt 2.73

% clay 0.09

N 1
Morphodynamic stage Reflective

Hb wave height before breaking, 7wave period, 3 slope of the beach face,
ws speed settling of the sediment, {2 dimensionless parameter Dean
(1973)
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In both cases, the samples were carefully collected during
low tide within the surface sediment (0—10 cm) and trans-
ferred to previously decontaminated aluminum containers.
The samples were transported to the laboratory after collection
and then stored in a freezer (—20 °C) in accordance with the
preservation protocol for sediment samples (D3694—ASTM-
2011). Subsequently, the samples were dried in a cold lyoph-
ilizer for 72 h and homogenized to ensure uniformity. Only the
samples from the mangrove sediments were sieved through a
230-mesh sieve to select clay and silt, because this is the size
range most commonly associated with the formation of OSA
(Sun and Zheng 2009). All the sediment samples were ana-
lyzed for select physical and chemical properties (Table 2).

The particle size distribution, total organic carbon (TOC)
content, and organic matter (OM) were analyzed. The particle
size distribution was determined using a Cilas 1064 laser dif-
fraction particle size analyzer after removing the organic ma-
terial with 30 % H,0O, and sodium hexametaphosphate,
followed by stirring for 24 h to avoid flocculation in accor-
dance with the method by Folk and Ward (1957). The organic
matter content in the sediment was assessed using a method of
potassium dichromate (EMBRAPA 2009). The available
phosphorus was extracted by the method described by Olsen
(EMBRAPA 2009) and analyzed by molecular spectrometry.

Treatment of fine sediments (clay+silt)

The sediments used to increase the aggregation rates were
collected in a mangrove in an estuary of the Una River,
Bahia, Brazil, because of their geochemical characteristics
(Table 2). The sediment was dried by lyophilization and
sieved through a 230-mesh sieve. Studies suggest that the
dispersion of the stain is most effective when the application
of the sediment is performed using a concentrated solution of

Table2  Physical and chemical properties of the sediments used in the
simulations

Parameters Sediment-reflective beach Fine sediments
Textural class Sandy Silty clay
Particle size
Coarse sand (%) 76.34 0.00
Medium sand (%) 2.07 0.00
Fine sand (%) 18.78 0.00
Particle
Silt (%) 2.73 94.21
Clay (%) 0.09 5.79
Organic matter (%) 0.10 10.88
Organic carbon (%) 0.06 6.34
Phosphorus (mg/L) 0.00 9.47
Carbonate (%) 24.51 30.87

sediment. Therefore, a 100-g/L solution of fine sediments and
seawater was prepared for use in the simulation units.

Simulation of reflective beach

The dynamics of the reflective beach environment were sim-
ulated by controlled waves acting within a specific morphol-
ogy, sediments collected from a reflective beach and a natural
seawater system. This study was conducted at the Laboratory
for the Study of Petroleum—LEPETRO, which is linked to
the Federal University of Bahia. The mesoscale experiment
was used to evaluate the effects of the addition of fine sedi-
ments (clay+silt) in an oil spill on reflective sandy beaches.
The simulation units were built in glass (150%50x50 cm).
The morphology of the reflective beach was constructed using
a graduated movable structure used to represent the slope of
the beach (Fig. 1). The backgrounds of the simulation units
were filled with sediment from the reflective beach.
Controlled waves were created using a high-power pump.
The presence of waves allows the transport of diluted and
dispersed oil.

Experimental design

Two experiments were conducted separately: (i) in the ab-
sence of fine sediments (clay+silt) (simulation 1), where the
aggregates form as a result of the oil-sediment interaction, and
(i1) in the presence of fine sediments (clay+silt) used to accel-
erate the formation of OSA (simulation 2). Three replicates
and a control experiment, where no sediment was added, were
performed for each experiment. Approximately 100 g of crude
oil was carefully and simultaneously poured over the surface
of the seawater in the center of each simulation unit. The test
oil was obtained from the production of the Reconcavo Basin,
Bahia, Brazil. This consists of a light paraffinic oil with an
API level of 40 and a low percentage of degradation (Fig. 2,
Table 3). In the second simulation, approximately 10 min after
pouring, the suspended artificial fine sediment was applied in
each simulation unit (or seawater for the control unit). A sus-
pension of 100 g/L was sprayed over the butch about three
times using a portable blaster.

In both simulations, samples were collected in a time series
of 0, 3, 7, 14, and 21 days after the start of the experiment.
Composite water samples (600 mL) were collected at two
locations along the water column: approximately 5 cm below
the surface and 5 cm above the bottom to assess variations in
the vertical transport of OSA in the water column. The water
samples were analyzed by gas chromatography with flame
ionization detection (GC-FID) to quantify the oil that was
dissolved and the fraction that was associated with SPM. A
microscopic analysis of OSA was also performed for the tem-
poral samples (5 mL) at both depths to assess their buoyancy.
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Fig. 1 Schematic representation )
of the mesocosm
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At the end of the experiment, oil and sediment samples were
collected to estimate the extent of oil degradation.

Formation of OSA by ultraviolet fluorescence
spectroscopy

Samples of 5 mL were collected for the observation and quan-
tification of OSA formed throughout the experiment by trans-
mitted light and epifluorescent ultraviolet illumination (exci-
tation filter 340-390 nm, reflection short-pass filter 400 nm,
suppression pass filter 430 nm) (Kepkay et al. 2002) using an
Olympus model CKX41 inverted microscope. Photos of OSA
with x10 magnification were recorded from a digital camera
attached to the Olympus DP70 microscope. The images were
processed using the software Image-Pro® 6.3.

Dispersion of oil and formation of OSA by GC-FID

The samples were processed according to the method de-
scribed by Li et al. (2007). The 600-mL samples (600 mL)
collected from amber glass bottles in the simulation units were
run through micro glass fiber filters (0.5 um) to separate the

-

150.0 cm

dissolved/colloidal phases and SPM. The filtrate was trans-
ferred to a separatory funnel to extract the hydrocarbons with
dichloromethane (DCM) with the USEPA 3510C method (US
EPA 1996). The solid phase was processed using Soxhlet
extraction with dichloromethane (US EPA method 3540 C).
The extracts from both phases were concentrated to 1 mL and
analyzed by GC-FID to quantify the total petroleum hydrocar-
bons (TPHs) in the filtered phase (TPH mg per liter of water
simulation unit) and the particulate phase (TPH mg per gram
of solids). The TPHs were quantified using a Varian CP 3800
gas chromatograph equipped with a DB-5 capillary column
(30 m Iength, 0.25 mm ID, 0.25 Im film thickness) and a flame
ionization detector (FID). The chromatographic conditions are
as follows: the injector temperature is 300 °C; the starting
temperature of the oven is 40 °C (held for 2 min), which is
increased at a rate of 10 °C/min to 300 °C (held for another
2 min); and the detector temperature is 300 °C. Helium is used
as a carrier gas ata 1.0-mL/min flow rate, and a 10:1 split ratio
was used. A standard solution was prepared from the same
TPH (C10-C40) (ASTM D2887 and D6352). The analytical
quality control and the quantification of the target compound’s
concentration values were in the range of 95 % of the

(FID) of oil used in the study

Fig. 2 Gas chromatography
(Reconcavo Basin)
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Table 3 Physical and chemical

characterization of oil from the Oil type Composition (%)
Reconcavo Basin used in the Saturates Aromatics Resins and asphaltenes
simulations 30 1 10

Reconcavo Basin oil

40

Physical properties of the oil of the Reconcavo Basin at 15 °C
Degree API

Gravity
0.825

reference value assigned to the concentrations of selected hy-
drocarbons. The accuracy of the measurements obtained
through repetition was less than 10 % for all target
compounds.

Statistical analysis

For the analysis and description of the sample data, descriptive
statistics were performed to identify outliers. Subsequently,
the Kolmogorov test was performed, along with the Smirnov
test, to verify the normality of the data for the concentration of
TPH; the chi-square test indicated no significant difference
between the variances of the samples. When the variance
was homogeneous, ANOVA was applied to a single paramet-
ric classification, which showed significant differences be-
tween the simulations. Finally, multivariate statistical tests,
such as principal component analysis, hierarchical cluster
analysis, and Pearson’s correlation, were performed. The anal-
yses were performed using the STATISTICA® 9.0 software
(STATSOFT 2009).

Results and discussion
Physical-chemical properties of the sediment

The physical-chemical characteristics of the sediments are
presented in Table 2. The beach sediment was solely re-
sponsible for the aggregation in simulation 1. This sedi-
ment has a bad selection and it is mostly composed of
coarse sand fraction with a percentage of organic matter is
0.10 %. In contrast, the sediment used to increase the
potential for aggregation has approximately 6 % of its
grains in the clay fraction, with the rest distributed in silt,
and approximately 10 % organic matter. Several studies
indicate that OSA is formed in sediments with grains less
than 5 wm, and more often below 2 um, in size due to the
higher specific surface area (Sun and Zheng 2009).
However, their formation cannot be neglected in sedi-
ments with a particle size >10 um (Sun and Zheng 2009).

However, in high-energy environments such as beaches, it
is possible that the sand composes the SPM in the water col-
umn in the surf zone. Sorensen et al. (2014) analyzed the
influence of physical and chemical parameters in the

formation of OSA and verified that carbonate sands and quartz
sands (commonly found on sandy beaches) of the same size
fraction show similar levels of aggregation. This suggests that
grain size is a dominant factor in controlling the adsorption of
oil onto the SPM, with the mineralogical composition as a
secondary factor. The study also concluded that such particles,
due to their large size, may provide a route for the fast transfer
of oil droplets to the bottom sediment.

In the case of fine sediment, Guyomarch et al. (2002) sug-
gest that the formation of oil aggregates on SPM is driven by
interactions between polar compounds in oil and negatively
charged particles, especially clay. In addition, the presence of
organic material coating the sediment increases the adsorption
capacity of hydrophobic compounds (Muschenheim and Lee
2002).

Distribution of particles in the simulation units

The dynamics of the distribution of particles in the reflective
beach simulation units were evaluated at two collection
depths: subsurface (approximately 5 cm below the surface)
and at depth (approximately 5 cm above the substrate). The
temporal evaluation of the concentration of SPM in the ab-
sence and presence of fine sediments (clay+silt) is shown in
Fig. 3.

The concentration of SPM available in the environment to
interact with the oil is a key factor in aggregation. The increase
in the formation of OSA with different sediment concentra-
tions has been shown in several studies (Khelifa et al. 2005;
Ajijolaiya et al. 2006; Sun et al. 2010). There is a direct rela-
tionship between the concentration of suspended sediments
and oil droplets, which are stabilized by the formation of
OSA.

The total concentrations of particles in simulation 1 aver-
aged 30.18 mg/L at the surface at the beginning of the exper-
iment. In the second simulation, where fine sediments were
added, the average SPM surface reached values on the order
of 520.00 mg/L. From the time third three is no significant
change in the concentrations of MPS at the two depths. By
characterizing the interaction of 0il/SPM offshore and
coastal environments, Boehm (1987) estimated that at
SPM concentrations ranging from 1 to 10 mg/L, the rates
of aggregation are very low. In contrast, considerable
Considerable aggregation can occur at SPM concentrations
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Fig. 3 Temporal distribution of suspended particulate matter in the
absence of fine sediments (clay+silt) (simulation 1) and in the presence
of fine sediments (simulation 2)

greater than 100 mg/L, and the adsorption of oil droplet
particles in suspension can be an effective mechanism for
dispersion. Under these conditions, for the model of reflec-
tive beaches in simulation 1, the aggregation tends to be
inefficient because of the low concentration of MPS. In
beaches with similar characteristics, even the removal of
contaminated sediment to the intertidal zone and the tech-
nique of surf washing would have a limited efficiency. In
the second simulation, when the fine sediment was added,
initial high concentrations of MPS can facilitate the forma-
tion of the OSA.

Distribution of OSA in the water column

The OSA that forms can remain on the surface of the water
column (positive buoyancy), along the water column (neutral
buoyancy), or within the sediment (negative buoyancy). The
vertical distribution of the OSA will depend on its size, the
ratio of oil and SPM for each aggregate, and the local hydro-
dynamic conditions (Sterling et al. 2004). The vertical trans-
port of the oil dissolved in the water (Fig. 4) and the oil dis-
persed by sediment (Fig. 5) in the presence and absence of fine
sediment (clay+silt) was quantified by analyzing the TPHs
from composite samples of seawater collected in the
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Fig. 4 Temporal analysis of the oil in the dissolved phase (uL for a liter
of seawater) for simulations 1 (absence of fine sediments) and 2 (presence
of fine sediments). The results are presented in accordance with the
average value (n=4)

subsurface (5 cm below the surface) and at depth (5 cm above
the bottom sediment).

In both simulations, the concentration of the particulate TPH
associated with the sediment was significantly higher than that
in the dissolved phase (p<0.05) showing that the formation of
OSA was relevant. The concentration of the TPH associated
with the dissolved phase is due to the dissolution of the lightest
compounds in seawater. There was a trend towards a reduction
of these values over time in the subsurface and at depth, except
for the surface in simulation 2. The oil concentrations in the
dissolved phase in the water column were higher near the sub-
strate, which is most likely related to the high rates of adsorp-
tion to the sediment surface. This confirms the higher concen-
tration of the dissolved oil phase in the absence of fine sediment
for both layers. Aggregation can stabilize the oil droplets and
reduce their solubility in the water column (Li et al. 2007).

Figure 5 shows that the presence of fine sediments (clay+
silt) significantly increased (»p<0.05) the concentration of the
TPH associated with the particulate phase. The silt+clay dis-
persed the oil up to four times more compared with the sandy
sediment. In both simulations, there is a trend of increasing
concentrations of TPH in the particulate surface.

Guyomarch et al. (2002) suggest that the concentration of
asphaltenes can be considered as a measure of the amount of
polar compounds in the oil, supporting the hypothesis that
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Fig. 5 Temporal analysis of the oil in the particulate phase (ng for g of
seawater) for simulations 1 (absence of fine sediments) and 2 (presence of
fine sediments). The results are presented in accordance with the average
value (n=4)

OSA formation is the result of interactions between polar
compounds in the oil and particles in suspension. The
Reconcavo Basin oil used in this study shows approximately
10 % resins and asphaltenes (Table 3). In addition, after a spill
of crude oil at sea, the lighter compounds are degraded due to
evaporation and dissolution (especially in high-energy envi-
ronments), thereby enriching the relative concentration of
asphaltenes. Over time, the remaining oil will therefore have
a greater propensity to adsorb particles in the sedimentary clay
(Guyomarch et al. 2002) and sand fraction (Sorensen et al.
2014). There is an opposite trend when analyzing the log
aggregation at depth, where concentrations of TPH tend to
decrease with time. In both simulations, the concentrations
associated with the particulate phase at depth are greater than
at the surface. It is suggested that the 0il-SPM interaction
occurs at the surface and that, as a consequence of a change
in density, the oil trapped in the OSA changes from positive
buoyancy to neutral, carrying most of the OSA and forming
the basis for the water column.

The effect of adding fine sediments into an oil dispersion in
the water column simulation units can be assessed by the
proportions of oil separated between the dissolved phases
and aggregated over the simulations (Fig. 6). There has been
a fluctuation in the partition ratio over time for each simula-
tion. The values in general are larger at depth, reinforcing that
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= Depth ®Subsurface
__ 350000
-
S 300000
'E'L_: 250000
= 200000
o
,53 150000
S 100000 Q
o
S 50000 : L
g, Himm e - ﬁ-
0 3 7 14 21
Time (days)
Simulation 2
™ Depth W Subsurface
. 350000
=
300000
250000
&
S 200000 :
£ 150000
3 100000
i)
S 50000
o
0
0 3 7 14 21

Time (days)

Fig. 6 Ratio partition between the oil dissolved and particulate phases in
simulations 1 and 2

the TPH that was adsorbed by the sediment is transported
along the water column. The process was intensified by the
addition of fine sediments (clay-+silt) in simulation 2.

Integrated assessment of dispersion of OSA in the water
column

The analysis of how the oil dispersed in SPM is influenced by
the concentrations of organic matter, organic carbon, and
phosphorus, and the physical-chemical parameters of temper-
ature, pH, salinity, and dissolved oxygen were assessed by
principal component analysis (PCA) (Fig. 7). The analysis
considered time 0 and time 21. The first PC accounted for
54.75 % of the total variance and the second accounted for
31.91 %, totaling approximately 85 % of the total variance in
the data.

The main variables that influenced the oil dispersed in SPM
were the organic matter, organic carbon, phosphorus content,
and salinity and pH of the water. The presence of organic
matter/organic carbon can influence the fate of hydrophobic
organic contaminants in aqueous environments (Backhus
et al. 2003) by increasing the interaction strength between
the hydrocarbons and sedimentary particles (Shen and Jaffe
2000), favoring the formation of OSA.

Nutrients such as phosphorus are limiting factors in the
biodegradation of petroleum (Atlas 1997). The natural pres-
ence of reasonable concentrations of nutrients such as
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Fig. 7 Principal component analysis and analysis of hierarchical
classification (factor 1 x factor 2) between the oil associated with OSA
and geochemical parameters at time 0 and time 21 days for the
simulations in the absence and presence of fine sediments. 7OC total

phosphorus in the sediment will positively influence the re-
mediation process through encouraging microbial activity.

Other environmental factors such as salinity and pH can
also affect the aggregation. According to Le Floch et al.
(2002), salinity interferes with the flocculation of solid parti-
cles through ionic strength and modifies the properties of oil
droplets, affecting the rate of OSA formation. In saline water,
this process is more efficient because the presence of free ions
reduces the electrostatic repulsion force between the sedimen-
tary particles (negatively charged) and enhances the molecular
attraction force, allowing a coalescence between the solid par-
ticles and polar compounds in the oil (Sun and Zheng 2009).
During the simulations, the concentrations of TPH dispersed
in SPM were independent of the amount of dissolved oxygen
in the water.

A joint interpretation of PCA with the hierarchical classifi-
cation analysis (HCA) (Fig. 7) established a relationship be-
tween the geochemical parameters and the simulations at each
time investigated. For simulation 1, which did not have any
fine sediments, the environmental characteristics of the water
column were more important in the process at the initial time
and the temperature and pH at the end time. At the initial time
of simulation 2, the most important factors were the concen-
trations of organic matter/organic carbon, phosphorus, and
hydrocarbon dispersed in SPM at the bottom of the water
column. At the final time, the salinity of the water column
and the concentrations of hydrocarbons dispersed in SPM on
the surface were the most important. It is clear that the pres-
ence of fine sediments and their geochemical characteristics
influenced the dispersion of the oil.
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sediment in the subsurface, TPH dep dispersed oil sediment depth

The Pearson correlation matrix shows relationships among
the influences of the variables (Table 4). A strong positive
correlation between salinity and hydrocarbons dispersed in
the SPM surface suggests that salinity favored the aggregation
process. In fact, in both simulations, there was an increase in
the salinity at time 21 relative to time 0 because of the evap-
oration of seawater. This corroborates the temporal assess-
ment of the aggregation rates (Fig. 7).

At depth, the dispersion of oil as a function of the SPM has
a strong correlation with the concentration of substance/
organic content and phosphorus. The salinity at a depth of
5 c¢cm above the substrate appears to have a minor effect on
aggregation. Khelifa et al. (2005) reported that the effect of
salinity may be of minimal importance in terms of sediment
with high organic matter content.

OSA structure formed in the simulation of reflective
beaches

Epifluorescence microscopy was used to examine the OSA
that formed. Two different structural types of OSA could be
distinguished: droplet and amorphous. The droplets appear as
dispersed oil (beads) with mineral particles attached to their
surface (Fig. 8a, b). The amount of a droplet attached to SPM
is highly variable. Although individual droplet aggregates are
more commonly aggregates composed of several drops of
oil, sometimes more than ten were observed (Fig. 8c, d).
These multiple aggregates were previously reported in
other studies (Omatoso et al. 2002; Stoffyn-Egli and Lee
2002). Amorphous aggregates are typically not spherical,
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Table 4  Pearson correlation matrix applied to the formation and dispersal of the OSA simulations on models of reflective beaches

pH T Salt OD TPH sub TPH dep oM TOC P
pH 1.00
T -0.15 1.00
Salt —0.94 0.10 1.00
OD —-0.48 —0.70 0.34 1.00
TPH sub -0.82 -0.02 0.97 0.28 1.00
TPH dep 0.33 —-0.67 —-0.04 0.05 0.20 1.00
oM —0.10 -0.73 0.35 0.38 0.55 0.90 1.00
TOC —0.09 -0.73 0.34 0.37 0.54 0.90 1.00 1.00
P 0.10 —-0.71 0.18 0.21 041 0.97 0.98 0.98 1.00

Italicized values with p<0.05

OM organic matter, 7OC total organic carbon, P phosphorus, T temperature, Salt salinity, DO dissolved oxygen, pH hydrogen potential, 7PH sub
dispersed oil by sediment in the subsurface, TPH dep dispersed oil sediment depth

fluorescent irregular borders; instead, they are often elongated,
curved, or even branched (Fig. 9a, b). The amorphous form of
the OSA is controlled by the minerals included therein. The
membranous type of OSA, described in detail by Stoffyn-Egli
and Lee (2002) in the presence of montmorillonite, was not
observed in any of the simulations.

It is possible that the interaction between the oil and the
sandy sediment in seawater can be observed in Figs. 8a, b and
9a, while the interaction between oil and fine sediments is
observed in Figs. 8c, d and 9b. A significant increase in the
concentration of OSA formed from the use of fine sediments
is observed, which corroborates the data of gas chromatogra-
phy, accompanied by a reduction in the size of these

Fig. 8 Examples of OSA
observed in the interaction of the
oil with the Reconcavo Basin
sediments: the oil is bright
(fluorescent), and sedimentary
particles are darker. White light:
(a) the droplet OSA type in
simulation 1; (¢) OSA
multigoticulas type in simulation
2. UV filter: (b) the droplet OSA
type in simulation 1; (d) the OSA
multigoticulas kind in simulation
2

aggregates. In general, we can note that after the addition of
fine sediments (clay+silt), the aggregates that form are smaller
than in the absence of fine sediments.

Oil transfer assessment in the bottom sediment

Lee (2002) notes that, although some studies relate the oil—
particle interaction with the physical transport of the spilled oil
from the sea surface to the ocean floor, other studies have
attributed the added buoyancy to a contribution of the oil in
OSA, which allows for longer periods of suspension in the
water column. The assessment of environmental change com-
partment OSA is important to investigate the potential impacts

@ Springer
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Fig. 9 Examples of OSA
observed in the interaction of the
oil with the Reconcavo Basin
sediments: the oil appears bright
(fluorescent) and sedimentary
particles are darker. a OSA
simulation in the amorphous type
1 and b OSA simulation in the
amorphous type 2

on planktonic and benthic biological communities and has a
great reflection in the dispersed hydrocarbon degradation.

Figure 10 shows the concentrations of TPH in the bottom
sediments of the simulation units before the oil spill and at the
end of the simulations (21 days). In the absence of fine sedi-
ments, the average concentration of TPH increased from
184.28+22.23 pg/g at the beginning of the experiment to
197.46+52.97 ng/g after 21 days. In the presence of fine sed-
iment, the TPH concentrations in the sediment ranging from an
average of 162.32+25.40 pg/g at the beginning of the experi-
ment to 110.21+21.77 ug/g at the end of the simulation.

Figure 11 shows the concentrations of TPHs and pristane
and phytane isoprenoids along with the pristane/phytane ratio.
These geochemical indices can be used to clarify if the organic
matter associated with the bottom sediment has a petrogenic
or natural origin. Many studies suggest that a high proportion
of the isoprenoids pristane and phytane indicates a biogenic
source with a large supply of recent organic matter (Volkman
et al. 1992; Readman et al. 2002; Silva et al. 2013), and the
prevalence of phytane indicates the presence of organic matter
from a petroleum origin.

In the first simulation, at time 0, it is observed that the value
of'the pristane/phytane ratio was always below 1, suggesting a
petrogenic input. However, it is noteworthy that the concen-
trations of phytane were low (Table 5). The presence of this
isoprenoid is typically associated with oil inputs and is rarely

B Time 0 days EMTime 21 days

300
250
200

150

TPH (ng/g)

100

50

Simulation 1 Simulation 2

Fig. 10 Average concentration of TPH (pg/g) in the bottom sediment
unit simulation model of reflective beaches, in the absence (simulation 1)
and presence (simulation 2) of fine sediments

@ Springer

related to a biogenic source (Volkman et al. 1992). It is also
observed that the eigenvalues are low for the pristane and
phytane equivalent, so the ratio becomes lower even from a
small input of organic matter associated with the sandy
sediment.

In comparison with time 21, an increase in the levels of
TPH is observed. However, the reason pristane/phytane re-
mains less than 1 is because there is a higher concentration
of isoprenoids. The entrance of phytane into the substrate
showed the petrogenic origin of the organic matter, indicating
that the transfer had occurred for the OSA bottom sediment.
Recently, Sorensen et al. (2014) investigated the interaction of
droplets of dispersed oil in seawater with sandy sediments,
typically found on beaches, and suggested that the association
of oil with this type of sediment could provide a route for oil
transportation through the water column to the bottom sedi-
ment. The problem associated with changing the environmen-
tal chamber is the increased persistence in the oil because the
degradation rate is reduced. The sediments are considered to
be the ultimate fate of many anthropogenic contaminants
(Venturini 2004). In addition, possible adverse effects include
the presence of hydrocarbons, which can cause benthic eco-
system effects (Moreira 2014; Carls et al. 2008).

In the second simulation at time 0, the concentration of
hydrocarbons in fine sediment (clay+silt) is composed of

Qil slick

B Experimental simulation unit m Simulation control unit

Simulation 1- 21days Simulation 2- 21 days

0 days

Fig. 11 TPH mean concentration (%) from the oil slick on the surface of
simulation units 1 and 2 and their respective controls (n=4)



Environ Sci Pollut Res

Table 5 Hydrocarbon concentrations (pg/g), pristane and phytane
isoprenoids (pg/g), and pristane/phytane ratio determined in sediments
used in the simulations at baseline and end of the simulation

Simulation/time TPH Pristane Phytane P/F
Simulation 1 (0 day) 169.94 0.13 0.20 0.63
159.76 0.15 0.26 0.58
150.14 0.23 0.31 0.75
Simulation 1 (21 days) 256.13 0.73 0.81 091
136.98 0.83 0.92 0.90
230.61 0.88 0.83 1.05
21741 0.72 0.78 0.93
146.19 0.21 0.27 0.77
Simulation 2 (0 day) 183.62 3.11 0.92 3.38
134.21 2.20 0.82 2.67
169.14 1.94 1.03 1.87
Simulation 2 (21 days) 73.64 3.45 0.94 3.67
122.56 3.49 0.98 3.55
108.14 2.57 0.86 3.01
118.13 1.83 0.61 3.00
128.62 3.51 0.79 443

organic matter of biogenic origin, likely the product of the
decomposition of mangrove plants associated with the collec-
tion region. Comparing the results with those of time 21, there
is no significant change in the levels of TPH, pristane, and
phytane. The pristane/phytane ratio indicates the presence of
organic matter of natural origin. Thus, the presence of fine
sediments in the reflective beach model as a stimulus to the
formation of OSA was not associated with increased concen-
trations of TPH in the bottom sediments of the simulation
units.

Assessment of the degradation of the oil slick

Some studies suggest that OSA formation not only aids in the
dispersion of the oil but also accelerates the rate of degradation
because they are controlled in part by the accessibility of the
oil to surfaces of bacteria, nutrients, and oxygen (Lee et al.
1996; Lee et al. 1997; Weise et al. 1999).

A comparison of the mean levels of degradation in the
surface oil slick in the absence (simulation 1) and in the pres-
ence of fine sediments (simulation 2) is shown in Fig. 11. A
comparison of the levels of TPHs presented on day 0 com-
pared to day 21 shows that the degradation of the hydrocar-
bons was more efficient in the presence of fine sediments.
Still, it should be emphasized that the levels of degradation
at the end of 21 days are low: 13 and 31 % for the simulations
in the absence and presence of fine sediments, respectively.
Although an efficient dispersion of the oil in the SPM has been
observed throughout the 3 weeks of the experiment, the deg-
radation kinetics of these compounds tends to be slower; thus,

it is possible that the period of the simulations was a limiting
factor for the research.

Still, the first two factors, alone or together, can respond to
a difference in the levels of degradation: (i) in the presence of
nutrients associated with fine sediment and (ii) increasing the
aggregation due to the presence of fine sediments. The oil may
serve as the main carbon source for the growth of microorgan-
isms, facilitating the degradation of these compounds in the
environment. However, there is a need for other macronutri-
ents, including nitrogen and phosphorus. The fine sediments
have a higher degree of added parameters evaluated, including
phosphorus. This allows us to assume that nutrient enrichment
from the fine sediments in the system may have contributed to
further deterioration in simulation 2. However, it is verified in
simulation 1 that even in the absence of fine sediments, taking
nutrients to limit degradation had a greater impact than the
spot oil unit in the control simulation (without any sediment).

Wood et al. (1998) evaluated the influence of OSA on the
Sea Empress spill and concluded that the association of parti-
cles and bacteria in suspension can be more efficient for the
biodegradation of the dispersed oil droplets than bacteria
alone, and suspended nutrients seem less important for bio-
degradation than the level of dispersion in the presence of
sediments. The OSA training itself appears to be sufficient
to stimulate the growth of bacteria without the need for addi-
tional nutrients. It is assumed that increasing the available
surface area per volume of oil makes the oil more accessible
to hydrocarbonoclastic bacteria and also allows greater con-
tact with oxygen, thus accelerating the degradation process
(Lee et al. 1996; Owens and Lee 2003; Weise et al. 1999).
Thus, the presence of nutrients and aggregation associated
with SPM seem to have a synergistic effect on the degradation
of oil.

The selective removal of fractions of saturates, aromatics,
resins, and asphaltenes from the surface degradation of oil
hydrocarbons was assessed at the beginning and end of the
experiment in the absence (simulation 1) and presence

Oil degradation

T 21 (Simulation 2)

0 20 40 60 80 100
BENSO% ®ARO% ':SAT%

Fig. 12 Average distribution of the fractions of saturated compounds,
aromatics, resins, and asphaltenes (%) from the oil slick surface at time
0 and time 21 in simulations 1 and 2. SAT saturated, ARO aromatic, NSO
resins and asphaltenes
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(simulation 2) of fine sediments (Fig. 12). The relative enrich-
ment of the heavier oil compounds allows for pellet
adsorption-enhanced oil (Guyomarch et al. 2002). This pro-
cess was verified with greater intensity in the presence of silt,
where the formation of OSA was also higher, suggesting a
correlation between the level of enrichment of the heavier
oil fractions (aromatics, asphaltenes, and resins) and the oil—
SPM interaction.

Conclusions

This study evaluated the effects of using fine sediments from
reflective beaches in mesoscale models to disperse oil, the
impact of OSA in the formation of oil degradation, and the
potential use in the recovery of fine sediment-reflective
beaches impacted by oil.

The investigation of the aggregation and its impact on the
formation and degradation of OSA stains based only on sed-
iments collected from a reflective beach aimed to present a
scenario where there were no external stimuli for the forma-
tion of OSA. In this sense, even that the sediment grain size is
relatively larger, in a high-energy coast, this type of SPM is
certainly found and serves as a substrate for the adsorption of
the oil spilled. According to this configuration, an oil-sandy
sediment interaction occurs (to a lesser extent than with the
addition of fine sediment); however, the process is associated
with the transport of hydrocarbons from the water column to
the bottom sediment. This change in the environmental cham-
ber should be viewed as a negative factor, because the oil
associated with the bottom sediment has a tendency to in-
crease the persistence in the environment while causing a se-
ries of impacts to benthic organisms.

The influence of the formation of OSA on the degradation
of surface stains was not observed in the absence of fine sed-
iments, where it has a large impact. It is possible that low
concentrations of nutrients associated with sandy sediments
have a limited influence.

The application of fine sediments on reflective beaches can
be a viable alternative. The results show that the presence of
silt in the reflective beach model reduced the dissolution of the
oil in the water column, stabilized the droplets, and promoted
a significant increase in oil dispersion. Most OSA that formed
had neutral buoyancy; it is not an effective means of hydro-
carbon transport from the water column to the pellet. Keeping
OSA in the water column longer means the effects of the oil’s
transport and degradation due to weathering processes are
most effective in water. Factors such as the concentrations of
organic matter and phosphorus and the salinity of the water
played a role in the degree of adsorption between the SPM and
the spilled oil. A breakthrough in the degradation levels of the
surface stains from saturated hydrocarbons was also observed
during the 21 days of simulation.

@ Springer

The formation of natural or stimulated OSA in coastal en-
vironments and its consequences is a complex process. A
number of gaps remain to be filled. The influence of the for-
mation of OSA should be evaluated from a higher temporal
series and from microbiological analyses, where it is possible
to associate the stimulus aggregation of biodegradation.
Understanding the role of nutrients associated with sediment
in the oil degradation should be further investigated.

No doubt the use of fine sediments in reflective sandy
beaches in the dispersion and degradation of oil should be
considered carefully. Although beaches are the same
morphodynamic-stage environments with a similar configura-
tion, local parameters such as the type and concentration of
SPM, the transport direction of the currents, and the forecast
of the final destination of the material should be assessed.
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