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 Introduction 
 
After the Deepwater Horizon accident in April 
2010, crude oil was embedded in sandy shelf 
and shore sediments of the northeastern Gulf 
of Mexico (Fig. 1). Oil was found beach 
sediments as well as in sublittoral sands, 
where oil still persists in unknown amounts. 
 
The relatively coarse sands on the West 
Florida Shelf south of Pensacola Beach are 
highly permeable (grain size range 100 to 350 
µm, permeability 2 to 8 10-11 m2). This high 
permeability permits advective pore water 
transport, and exchange with the overlying 
water column can carry oxygen into the 
sediment allowing aerobic microbial 
degradation processes in the sand. Oxygen is 
a key factor for microbial oil degradation, and 
pore water flows through the permeable sand 
sediment could transport oxygen to buried oil. 
On the other hand, buried oil may release toxic 
substances that can reduce microbial activities 
and thereby oxygen consumption.  
 
The question arises, how the pore water flows 
affect the degradation of oil buried in the 
permeable sediments.  
 

Methods 
 
A flume experiment was designed that used planar 
optode technology to visualize the oxygen 
dynamics around small tarballs embedded in 
permeable Florida sand. The sediment was 
sublittoral sand from Pensacola Beach/Florida. The 
seawater (salinity 30, temperature 22) in the flume 
was circulated at 12 cm s-1. Oxygen in the water 
was kept at 100% air saturation, monitored by a 
optode connected to a Hach Oxyge logger. Tarballs, 
similar to those embedded in Gulf of Mexico marine 
sediments were embedded at approximately 2 cm 
sediment depth in the flume. Each tarball contained 
160 mg of weatherd MC252 oil (Fig. 2).  
 
The oxygen distribution in the sediment and oxygen 
dynamics were quantified using a prototype of the 
Presens™ Visisens camera. The UV light emitted 
by the camera produces red fluorescence where 
oxygen is depleted. The camera captures the 
fluorescent light through a filter that only allows the 
wavelength of the fluorescent light to penetrate. The 
optodes were calibrated in the flume using oxic and 
anoxic water. The pictures captured by the camera 
were analyzed using the VisiSens AnalytiCal 1 
Software. 
 
The tarballs and optodes were placed such that the 
water penetrating into the sediment during flow 
periods flushed the sediment around the tarballs. 
Oxygen in the sediment was manipulated by 
switching the flow on and off. Stagnation of water in 
the flume stopped the advective pore water flushing 
and thereby oxygenation of the upper sediment 
layer. Respiration of sedimentary microorganisms 
rapidly consumed oxygen in the sediment during 
stagnation periods. Restarting of the flow resumed 
oxygen transport into the sediment. These cycles 
mimicked cycles as caused e.g. by tides in the 
natural environment. The ensuing oxygen gradients 
around the embedded tarballs revealed the oxygen 
flux caused by the oil within the sediment.  
 
The VisiSens AnalytiCal 1 Software allows 
quantifying the oxygen concentration at specific 
locations.  
 
 

Fig. 5 False color picture sequence produced by the optodes 
and VisiSens AnalytiCal 1. The 8 individual optode images in 
this picture were merged using Photoshop. Black circles 
indicate location of tarballs, the black lines the boundaries of 
the optodes. The time series pictures shown below were 
produced using optode #5 (5th optode from the left) 
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Fig. 1  Oil layer deposited after 
the Deepwater Horizon 
accident in Florida beach 
sediment. Oil layers (red arrow) 
as well as oil particles were 
embedded in the sands.  

Fig. 2  The tarballs were embedded close 
to the wall of the flume and next to the 
planar optodes, which are oxygen-sensive 
foils that change color depending on 
oxygen concentration. The tarballs were 
covered with a 2 cm thick layer of sand. 

Fig. 3  A Presens™ Visisens camera was 
mounted on a rail next to the flume such 
that the entire area of each of the 8 
optode foils (4x4 cm) could be captured. 
Moving the camera along the rail 
permitted a serial scanning of all planar 
optodes.  

Fig. 4  White backlight illumination allowed 
tracing of the sediment topography. The 
tarballs were located below the ripple 
troughs where water penetrates into the 
sediment when boundary flow is present.   

12 cm s-1 

Results 
 
After starting the flow in the flume, an expected general oxygen distribution developed 
with upwelling of anoxic pore water under ripple crests and downwelling of oxygen-rich 
water in ripple troughs. Fig. 5 shows the upwelling of anoxic pore water as dark blue 
areas, while the oxygenated sediment appears as light-colored yellow areas. Zones with 
intermediate oxygen concentration appear as red. The time series (10 minute intervals, 
10 h duration) of optode #5 (5th optode from the left, here with a small sediment ripple) 
showed that after the establishment of the flume sediment core, it took approximately 10 
h to transport anoxic pore waters from deeper sediment layers to the sediment surface.  

Fig. 6 Initially the sediment was fully oxidized over the depth of 
the planar optodes and a faint halo around the buried oil 
suggested slightly lower oxygen around the oil. After starting 
the flume flows, the tarballs caused only minor oxygen 
consumption during the initial phases of pore water flushing. 
The yellow dots, within and around the black circle depicting 
the location of the tarball reveals that oxygen consumption is 
enhanced near the tarball. The picture on the left shows the 
position of the optode relative to the sediment water interface. 
The pore water flow velocity in the upper 2 cm of the sediment 
reached 1 cm per hour. The green scales show distance in 
millimeters. The initial phase of the experiment was 
characterized by relatively homogenous oxygen distribution in 
the upper 4 cm of the sediment, where water infiltrated into the 
sand under the ripples. Up and downwelling zones were less 
pronounced as ripple topography was not fully developed.  

Fig. 7. Two days into the experiment, anoxic pore 
water reached the sediment surface under ripple 
crests. The blue anoxic zone depicted in the figure 
reveals a steep concentration gradient between 
oxic and anoxic sediment zones. The tarball, 
indicated by the black circle, caused locally 
reduced oxygen consumption which was caused 
by a local reduction of microbial oxygen 
consumption and a reduction of permeability of the 
sand. The vertical concentration profile depicted in 
the black box shows the increased oxygen 
concentration at the location of the tarballs. The 
gradients, shown as red lines, are used to 
calculate the flux of oxygen near the tarball.  
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Fig. 8.The topography at optode #5 had changed 
from a ripple to a trough and oxygenated water is 
pushed into the sediment which was followed in 
high resolution time series (2 s intervals) produced 
by the Visisens camera. Six days into the 
experiment, the oxygen dynamics at the tarballs 
showed that now the tarballs and surrounding 
sediment consumed more oxygen than sediment 
not affected by the oil. Time series, recorded during 
phases of increasing and decreasing oxygen 
concentrations, revealed slowly increasing oxygen 
consumption around the tarballs.The figure to the 
left shows that the red color, indicating an oxygen 
concentration of approximately, 100 µmol l-1, 
surrounded the tarball, while the bulk sediment 
flushed by oxic pore water showed oxygen 
concentrations higher than 120 µmol l-1. The 
oxygen gradients near the tarball (black graph to 
the left) This enhanced consumption near the 
tarballs persisted during extended periods (3 days) 
of pore water flushing. 
  

Fig. 9 Replications of an oxygenation event (i.e. flow 
in the flume and oxygen rich water infiltrating the 
sediment) followed by a stagnation period (no flow 
that resulted in the decrease of oxygen in the 
sediment) demonstrated a slowly increasing oxygen 
consumption around the buried tar. The effect of the 
buried tar could be clearly seen at all embedded tar 
balls and time series. The oxygen profiles measured 
through the vertical plane cross sectioning the tar ball 
all showed a steepening of the gradients reflecting 
the increasing oxygen consumption. The oxygen 
distribution pattern suggested also a widening of the 
zone affected by the buried tar over time. Ten days 
into the experiment, the oxygen consumption rate of 
the tarballs had increased such that the sediment 
became quickly anoxic as soon as the pore water 
flows ceased.  

Fig. 10 Comparison of the oxygen decrease 
with onset of water stagnation in a zone not 
affected by oil (blue line and upper left 
graph, white circle) and a zone affected by 
embedded tar (red curve and lower left 
graph, white circle). The buried tar caused a 
faster decrease of the oxygen in the pore 
water. The decrease of the oxygen decline 
at concentrations lower than 5% air 
saturation suggests that at these low 
concentrations the activity of the aerobic oil 
degrading bacteria is reduced. The slope of 
the curve suggests that at even lower 
oxygen concentrations (< 2% air sat.), the 
oil degradation rate slows down 
substantially. This agrees with findings 
stating that the oil degradation under anoxic 
conditions is dramatically reduced.   

Conclusions 
 
Our results suggest that the intermittent flushing of the upper sediment layers of sublittoral shelf sands 
with oxygen rich water strongly influence the degradation of buried tarballs. In contrast to cohesive muddy 
sediments that dominate in the deeper Gulf, the permeable sands of the West Florida Shelf allow rapid 
penetration of water into the upper layers of the sediment and thereby facilitate the transport of oxygen to 
oil that was buried after the Deepwater Horizon accident. Tarmats that persist in the coastal zone of the 
northeastern Gulf thus may be embedded in sandy sediments that permit a relatively rapid aerobic 
degradation of this material. This flume experiment is ongoing, and the time series measurements will 
allow calculation of the aerobic degradation rate of the embedded tar. Other results from this experiment 
will reveal the effect of the redox oscillation on the degradation process and the role of the pore water 
flows for the release of hydrocarbons from the upper layers of the sediment to the overlying water. In the 
second phase of this experiment, addition of Corexit will show whether this detergent affects the 
decomposition process in the sediment.  
 


