[bookmark: _GoBack]Quantifying eddy induced sediment removal from the edge of the continental shelf
Sediment covers the hard rock of the sea floor in most places.  The particles that make up the sediment are largely from three sources; the erosion of the continents, the production of shells by organisms in the ocean, and the direct precipitation of minerals from sea water.  On the submerged edge of the continents (i.e. the continental shelf, continental slope and continental rise) the erosion products of the continents are usually the most abundant of these sediment types.  In the coastal ocean we see that river plumes transport sediment out onto the shelf, waves stir up sediment and currents carry the sediment, largely parallel to shore.  This current action shapes some familiar coastal landforms, like barrier islands, spits and tombolos.
But what happens to sediment seaward of the coastal ocean?  Much of the sediment that presently sits on the middle and outer shelf was deposited during glacial times, when sea level was much lower.  In such times the beaches were located seaward of their present locations and rivers discharged into the ocean at those beaches.  Thus the processes that we observe today in the coastal ocean occurred all across the shelf as sea level rose from a low of 125 m below present day (21,000 years ago) to where it presently stands.  The result is that there are relict beach deposits across the shelf.  During the present high stand of sea level, only the finest sediment particles can stay suspended in water long enough to experience transport out onto the shelf.  As they make that journey gravity acts on them, and the result is fine-grained mud coating the older deposits.  What happens to this sediment on the outer shelf?  Are there any processes capable of eroding it and transporting it seaward of the shelf edge?
Interactions of deep ocean processes with shelf waters
Deep ocean currents, like the Gulf Stream, often form loops that pinch off and form rings or eddies.  These eddies sometimes spin up associated eddies and the eddy pairs can track along the edge of the shelf.  These features are deep, too deep to travel up onto the shelf to the beach, but they can force an exchange of water between the deep ocean and the shelf.  For more on this see the SERC exercise Transporting sediment off of the continental shelf, (https://serc.carleton.edu/teachearth/activities/178061.html).  That exercise will help you to understand the process that results in seaward sediment transport in cyclonic rings (these rotate counter-clockwise in the northern hemisphere) on the Texas-Louisiana shelf.  In this exercise we quantify the impact of this process.
In this exercise we will examine some data to determine amount of sediment that may be removed from the shelf by this process.  This exercise will introduce you to the type of data collected by an instrument called a transmissometer, and will walk  you through some steps that scientists use to transform data on water clarity into values for suspended sediment concentrations.  Once you have made those calculations you will be asked to do a back-of-the-envelope calculation to determine the mass of sediment removed from the shelf.  Finally, you will be asked to evaluate your result and propose additional measurements whereby you could test your conclusions.
The data                         a.
[image: ]
                          b.
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Figure 1a. Station locations where water samples and transmissometry data were collected.
b. Satellite image of sea surface temperature.  Yellow colors indicate warm water, blue indicates cool.  (figure courtesy of Lawrence  J. Rouse, Earth Scan Laboratory, Louisiana State University)



Key to understanding the role of eddies in sediment transport was measuring the suspended sediment concentration in the waters in and around the eddies.  Figure 1a shows the stations at which data were collected. Figure 1b is a satellite image in which the eddies are shown by the warm Mexican shelf water wrapping around them.  One can collect data by taking water samples and filtering them to determine the mass of particles in a given volume of water.  The usefulness of this method is limited, because it takes so much time to process these types of samples.  One can measure the amount of light that passes through the water.  Water with a high particle load will not transmit much light, so light transmission is a proxy for suspended sediment concentration.  This later method has the advantage that these data are easy to collect.  We can combine the two methods to get the best data set.  During an oceanographic cruise we attach a transmissometer (Figure 2a) to an equipment package (Figure 2b) that also contains bottles to collect water samples.  As the equipment package is lowered from the sea surface to the sea floor the transmissometer continuously collects data on light transmission.  At a few locations water bottles are tripped and a water sample is returned to the lab and filtered to determine the suspended sediment concentration.  Now we have a data set of measured suspended sediment concentrations (from the water samples) and the transmissometer data collected at those same points.  If there is a tight correlation between these two types of data, we can use the transmissivity data to determine suspended sediment concentration.a.  [image: http://www.seabird.com/sites/default/files/product_images/cstar.jpg] 			b. [image: http://www.photolib.noaa.gov/bigs/fis00242.jpg]
Figure 2a.  Transmissometer.  A beam of light is emitted from one end (shown by the arrow) and detected at the other end.  (photo source, http://www.seabird.com/sites/default/files/product_images/cstar.jpg)

b.  Oceanographic instrument package.  Grey niskin bottles mounted on the outside are used to collect water samples.  Typically a transmissometer would be mounted on the bottom.
 (photo source, http://www.photolib.noaa.gov/bigs/fis00242.jpg) 


Your first task is to analyze the transmissometer data/water sample data set and see if the two variables are correlated.  Download the Excel file labelled 93E and follow the directions to make this determination.  This part of the exercise requires that you make a transformation to the transmissometer data (converting per cent light to a variable called particle beam attenuation coefficient, PBAC) and then determine if the transformed data (PBAC) are correlated with the data from the water samples.  Once you have completed this work return to this sheet and answer the questions below.
1. Based on your work with the Excel file 93E, how well will PBAC represent suspended sediment concentrations? (hint- examine the r-squared value to make this determination).



2. It is unlikely that you would get a perfect correlation between PBAC and sediment concentration (if the correlation were perfect the r-squared value would be 1). Can you think of some other substances that might be either suspended or dissolved in seawater that would absorb or scatter light?

  
3. What is the formula you found to convert PBAC data into suspended sediment concentration data?  Write the formula below.



Using the same procedure that you applied above, all of the station transmissivity data were converted to suspended sediment concentration values.  Examination of these data showed that the western eddy drew suspended sediment off of the shelf.  Figure 3a shows this eddy and 3b shows the suspended sediment concentrations across the shelf and in the eddy.  As you examine Figure 3b note that the yellow color represents very low suspended sediment concentrations.  On the shelf you can observe that there were higher values in surface waters (the low salinity, high suspended sediment water discharged from bays and rivers) and in bottom waters (due to the resuspension of seafloor sediments by shelf currents).  Notice on figure 3a that the eddy was driving shelf parallel currents at station 169 and shoreward until at least station 173 (currents generally parallel the geopotential anomaly contours).  As these currents experienced friction with the sea floor they would have experienced bottom Ekman veering (this veering causes bottom currents to move in a different direction than the surface and mid-depth currents).  In this case the result was offshore transport of water, and the associated suspended sediment.  This effect is particularly noticeable at the edge of the shelf and over the slope.  At 
a.
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b.
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Figure 3a.  Map showing geopotential anomaly in the western eddy.  Surface and mid-depth currents in the eddy mostly are parallel to the contour lines, rotating counter-clockwise around the feature.  Numbers indicate stations along line 7. Stippled area is location of sediment removal from the shelf by the eddy.
b. Vertical section of suspended sediment concentration along line 7.  Numbers at top indicate station numbers.  Note that suspended sediment at the sea floor at station 171 and 172 was drawn off of the shelf, forming an intermediate nepheloid layer at stations 165-168.


station 170 and seaward the near seabed waters were drawn off of the shelf horizontally.  This resulted in suspended sediment being carried out into mid-depth slope waters, clearly evident in Figure 3b as the light green layer (labelled INL for intermediate nepheloid layer) at stations 165 to 169.
How effective is this process at removing sediment from the shelf?  This question is interesting because this process would permanently remove sediment from the shelf.  Particles transported to mid-depth waters over the slope (and forming INLs) eventually settle to the sea floor where it is unlikely that they would experience uphill transport to be carried back onto the shelf.  
We don’t have the appropriate data to unequivocally calculate the transport, but we can make a back-of-the-envelope calculation to see how much sediment was transported into the intermediate nepheloid layer at the time the stations on line 7 were occupied.  This kind of calculation can help us decide if more fieldwork is warranted.  If our calculations show that this process is potentially important, we would want to collect the appropriate data so we could make reliable transport calculations.
Back-of-the-envelope calculation
To determine the mass of sediment transported off of the shelf in the intermediate nepheloid layer you will need the volume of the INL and an average of the suspended sediment concentration.  In these back-of-the-envelope calculations we do the best we can with the information available.  Therefore, determine the volume of the INL by using Figure 3b to determine the thickness and off shelf extent of the INL.  Use Figure 3a to determine the length of the along shelf leg of the eddy.  The stippled region on Figure 3a shows the place where sediment is drawn offshore from the shelf.  So the length of this gives you the third dimension for determining volume.  One degree of latitude equals 60 nautical miles, so determine the length of the stippled area in nautical miles and convert to meters (one nautical mile equals 1,852m).  Then just multiply the thickness, the off shelf extent and the length along the shelf to get the volume in cubic meters.  Show your calculations below.






To determine an average suspended sediment concentration for the INL let’s make a station profile plot for station 167.  Open the Excel spreadsheet titled 93E and go to the Station 167 tab.  In the third column use the formula you found earlier (to calculate SSC from PBAC) to calculate SSC for each depth.  Then use the scatter plot option to make a station profile of depth versus SSC.  To make the profile in the oceanographic convention plot SSC on the x- axis and depth on the y-axis.  Make sure that depth increases DOWN.  When you format the axis there is an option that lets you plot the axis values in the reverse order, which will achieve this goal.
Identify the INL on your plot and choose an average SSC value.  For this rough calculation there is no need to do a numerical average, just examine the plot and choose a reasonable value.  Write that value below.


Let’s assume that this value that you have chosen is representative of the entire INL.  Take the volume you calculated and use SSC to calculate the mass of suspended sediment in the INL (have the units be kg).  Show your work below.






Putting it in perspective (pair up with a fellow student and brainstorm)
So how important is this process?  Of course that will depend on several things.  One of these is the rate at which sediment is delivered to the outer shelf.  We don’t have good numbers for that.  Can you describe how you would collect data to determine this?




You have calculated the amount of suspended sediment in the INL, but have not determined the rate at which the sediment enters the INL.  What kind of data would you need to collect to determine the rate?




Finally, these data are a snapshot of one cyclonic eddy at an instant in time.  What information would you need to collect on cyclonic eddy activity in the Gulf of Mexico to truly quantify their impact on removing sediment from the shelf?


What does the sea floor sediment tell us?
A single snapshot in time suggests processes that may be important to the ultimate fate of the fine grained sediment carried in shelf waters.  If these processes are common, they should leave evidence in the sediments of the sea floor.  Figure 4 shows the grainsize characteristics of the sea floor sediments to the east of the data shown in Figure 3b.  The sand was likely deposited as shallow water sediments during rise in sea level at the end of the last glaciation.  The finer grained particles, silt and clay, are more recent.  Can you identify one location where it appears that the deposition of fine grained sediment was lower than in other locations?  Is it possible that fine grained sediment bypassed this location due to eddies, as examined in this exercise?
[image: ]Figure 4.  Across shelf sediment data.   a. Percent sand, silt and clay in the substrate.   b. Bathymetry of cross-shelf sampling transect.


A final note
The edge of the shelf has other dynamics that impact sedimentation.  In this exercise you examined one.  But lest you think it is the only one, take a look at this video.
https://www.youtube.com/watch?v=zXZZJbGteWE
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