Hypothesis – That permeability will be spatially variable along bounding surfaces in eolian deposits. Different types of bounding surfaces will have different spatial variability of permeability (related to mechanism of formation and subsequent diagenesis). The permeability (and the spatial variability of permeability) of different lithofacies (previous work) will not be the same for bounding surfaces. 
Goal 1 – To describe the spatial variability of permeability along each type of bounding surface
Goal 2 – To compare the spatial variability of permeability for each type of bounding surface

Goal 3 – To compare the spatial variability of permeability from bounding surfaces to that of the lithofacies surrounding them. 

Background

Different hierarchies of bounding surfaces in eolian deposits. 
Some are small (<1m) and thin (<1mm) others are large (>1km) and thick (1 cm – 1 m).
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Fig. 6—Horizontal experimental variogram for the OCROP1 data.





Hierarchy shown here largest to smallest: Super, first order, second order (superimposition), third order (reactivation), and primary bounding surfaces.  
Previous work by Goggin & Chandler investigate variations in permeability in different lithofacies (the deposits between the bounding surfaces shown above). Those variations in permeability could be related to different types of lithofacies (grainflow, wind ripple, and interdune). See histogram below.
[image: image2.png]
In addition, previous work has shown that there are a variety of scales at which the permeability in each lithofacies varies. They measured permeability over a series of concentric grids of various sizes and grid spacing. (several meters scale down to cm scale).
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OCROP 3, 4, & 5 shown. OCROP 1 & 2 are smaller grids within center square.

[image: image7.png]


[image: image8.jpg]Coefficient of Variation

0.5
0.4
oamm s coont
o Ouicos

03
02
0.1 Ocrops

0

0.1 1 10 100 1000 10000

Grid Area (sq. meters)

Fig. 14—Plot of C, vs. grid area.





They examined the coefficient of variation of each grid (above right) and I read this to show a lot of variation in a 1 m2 grid, and in 100-1000m2 grids. The authors suggested that variation in the OCROP4 10m2 grid was due to random noise, while the others showed a structure dependent variation. 
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The authors concluded the variation in the smaller grid (OCROP5) is due to macroscopic heterogeneity (grainflow, wind ripple, grainfall) observed in the rocks while variation in the larger grids (OCROP 1,2 & 3) was due to megascopic heterogeneity (interdunes, dunes, sandsheets) observed in the rocks.

I think a similar pattern may occur in bounding surfaces, that there will be small scale variations in permeability due to local conditions and larger scale variations due to larger controls. 

Concern #1 - Do I need to make sure I study several scales before proceeding, or might I be able to study the smaller and larger scales based on previous work – since it is based on a geologic premise? (The sampling scheme I propose is based on assuming I will have the same scales of variation.)

I plan to test this by measuring the permeability along bounding surfaces at different scales. (1) on cm scale to examine small scale variations for a bounding surface; (2) grid measurements across the outcrop (measure several grids of the same type of bounding surface over an outcrop); and  (3) repeat these methods over different outcrops.
Concern #2 - The difficulty I am having is making sure my sampling scheme which has several orders of hierarchical variation (different scales of bounding surfaces and different scales of variation) is sampled properly for later statistical analyses. (Sampling strategy discussed later.)
Chandler and Goggin described the hierarchical variability of permeability using probability density functions from the different sizes of grids. Also seen in Fig 14 of the grid size vs. the coefficient of variation.

[image: image10.wmf][image: image11.emf] Figures 12 & 13. Probability density functions of different grid sizes. The variation in slope indicates the distribution in the population of data.

Chandler and Goggin described the spatial variability by using experimental variograms. Their grid points were equally spaced, they used different scales of grid sizes and spacing, their data was generally but not always normally distributed, and they used a spherical variogram model to fit the data. Others have used a linear or spherical models depending on what fit the data best and the data may have been transformed (log normal, etc.). 

[image: image12.emf]
This variogram is for one of the concentric grids in their study, and the lithofacies types are all grouped. So they have shown the spatial variability (the range) of permeability across the entire outcrop.
Note: I want to describe the spatial variability for each type of bounding surface, not lumped together as they have done here. (Grouping of data discussed later…)

They also characterized the variogram anisotropy (directional dependence in the structural variation of permeability). 

[image: image3.emf]
Concern #3 - Since the bounding surfaces are essentially a line (in a cross sectional outcrop), I don’t think I can show any directional anisotropy of the bounding surface. Is this correct? [Unless I am able to look at a bounding surface in a vertical direction and the outcrop curves I could measure a horizontal direction. Then perhaps directional variation could be considered. –This may be possible at some of my outcrops.] 
My proposed sampling strategy:

Based on Figure 14 above (previous work of Goggin and Chandler), I see two hierarchies of permeability variation I need to record; small scale (1 cm) and outcrop scale (10-1000m). I also have several different outcrops in mind across the basin to capture major regional variations that maybe affecting the outcrops.

Below is a diagram of the sampling scheme I am thinking about using. 
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For smaller bounding surfaces, I can measure small grids (1 cm grid spacing) over their entire (or nearly entire) extent [blue squares on smaller surfaces] and have enough data points to be statistically significant (~100 depending on the variation actually observed – I have a formula to calculate how many data points I need for the observed variation).
Concern #4 – Since I will be comparing the bounding surface and the lithofacies on either side of it, I am planning grid sampling, not just line sampling. One thing that came up in our first meeting was whether those grids needed to be square. I was planning on more rectangular grids (long axis along bounding surface to catch most # of data points along that line), but since I am using variograms, will I have to stick to square grids? I will want to be able to compare the permeability variation observed along the bounding surface with the permeability variation observed for the lithofacies next to it. Since the bounding surfaces may be different sizes/geometries, N (number of samples) may be different for each bounding surface measured. Will this cause a problem in using variograms? Using a square grid may be ideal, but it may not be as practical based on the outcrop architecture. What underlying premises might affect the size and shape of these smaller grids?
Then, using a variogram, I can estimate the spatial variability for that bounding surface (at the smallest scale measureable). 

I can then measure this grid spacing over multiple examples of this type of small bounding surface over the outcrop to capture the larger scale variation, but they will not be equally spaced since they are dependent on the location of the bounding surface itself within the outcrop. [Blue squares on smaller surfaces] We discussed how it should be a randomized arrangement of grids and I will be mapping the outcrop enough that I could use a randomizer to generate these locations. 
Concern #5 – Grouping the disparate data… To avoid pseudoreplication, but still show the variation in permeability of one type of bounding surface:

Is it best to overlay each variogram for each of the bounding surfaces measured (of one type) to show their variation over the entire outcrop?
Or can I group all of the data for one type of bounding surface measured over the entire outcrop on these separate grids into one variogram to show the small scale variation for that surface represented over the entire outcrop?
For the larger surfaces, it is impractical to collect 1000’s of measurements on the 1 cm scale for a surface that extends for several kilometers. I thought doing 1 cm vertical transects would describe the small scale variation that can occur vertically, but then space these transects ~4 m apart for 1000 m to describe the larger variation that may occur horizontally. [Black and Brown lines] To make sure I capture small scale variations that may occur horizontally, specific locations where I observe geologic reasons for variation will have small 1 cm grid spacing (~100 data points) collected. [Blue squares along these larger surfaces] ---we discussed how this would introduce bias, and that these small scale grids should also be randomized.
Concern #6 - Again, with this varied sampling strategy what comparisons can I make that are statistically valid? I want to be able to compare the variation observed for each type of bounding surface and compare that to the other types of bounding surfaces. I was planning on using the variograms, but again, can the data be clustered to accomplish this goal? 
Concern #7 – On some of the larger surfaces, I know there is variation, but it may occur as very small features spaced very far apart. This is why I initially wanted to pick specific locations where I would record small scale variability. We have discussed how to make this a stratified random sampling strategy, but is there another method that may be more appropriate for these conditions? 
Concern #8 – I was just reading about autocorrelation vs. semivariograms. I am unclear about the difference between the two and if perhaps one might be better suited to my study. I suggested variograms based on previous work.
Concern #9 - Favorite programs? Recommended Reading? I have a few references on geostatistics and a few shareware stat programs (Gstat appears the best so far), but I would appreciate any recommendations based on what others prefer using. 

My End Goals:
The whole point of quantitatively describing the permeability variation that occur in the bounding surfaces and in the lithofacies is to describe how would fluid flow through this deposit. In addition, I will be collecting core plugs from these bounding surfaces and lithofacies and looking at the parameters that control permeability on a smaller scale. From the core plugs I can make thin sections and collect measurements of grain size, porosity, pore geometry, etc. and use multiple regression analyses to look at which of these features are affecting the permeability measurements for the collected core plugs. I can take this data, plus the geologic descriptions I make in the field, with the grided permeability data to discuss what features are affecting permeability in the outcrop.  
Additional thoughts bouncing around as I was writing this, if they aren’t already stated above:
1) Variogram of a line (of a bounding surface)
-describe the spatial variability of permeability along the bounding surface

-but very few data points from just one line for variography unless I make it a long enough line (put is there a problem of too many data points to collect if I turn these into grids to compare it to lithofacies next to it) 
2) Variogram of all lines measured for one bounding surface?

-how to combine the data from the same type of line/bounding surface, but measured on multiple lines/bounding surface, yet still compare variation?

3) Compare variograms or variogram measurements (range, sill, etc) of the different types of bounding surfaces.

4) Compare the variogram of the bounding surface to the variogram for the surrounding lithofacies. 

Favorite programs?

Recommended Reading?
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Capture the permeability variation at different scales by 1) individual grids, small scale 2) multiple grids over the outcrop, large scale, but can the data be grouped the same way?
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Figure 4. Semivariograms of In(STC) at two depths.




Compare multiple variograms

ex.  - 5 examples of one bounding surface. What are their ranges, etc.

ex. - 2 different types of bounding surfaces (but can I only compare one example of each, or is there a way to bundle the 5 bounding surfaces data to compare it as one set to another set?)

Am I avoiding pseudoreplication in my sampling scheme? In my data analysis?

Want to be able to group the data somehow, so I have stat signif data, not a bunch of variograms with only 5 data points…

I think I can group them, because each pair of data for a unique h will give me a # to plot. May or may not get too much scatter to fit a variogram model though? 

Discussed sampling on the small scale along a bounding surface as a line, but plan on making it a grid to sample the nearby lithofacies on each side of the bounding surface. There was a brief mention on whether this needed to be a square or not, but we didn’t discuss it in depth...

