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Type of Activity: In-class exercise

Brief description: In this activity, students are introduced to the 3D Flinn Plot.  They have previous experience with 1+e2 vs. 1+e1 plots of plane strain, but this is their first exposure to 3D strain.  Students deform play-doh, then plot the resulting shapes on Flinn Plots.  The exercise links the abstract 3D Flinn Plot to concrete strain ellipsoids.  
Context 

Type and level of course in which I use this activity or assignment: Undergraduate required course in structural geology

Skills and concepts that students must have mastered before beginning the activity: Students must understand 2D strain, strain ellipses and 1+e2 vs. 1+e1 plots of plane strain.

Briefly describe how the activity is situated in your course: This is one of many in-class exercises I use to introduce new concepts and to see immediately where students have difficulty with them.  

Goals of the Activity or Assignment

Content/concept goals: Visualizing 3D strain; plotting 3D strain on a Flinn Plot; interpreting 3D strain ellipse shapes from Flinn Plots; measuring 3D strain in rocks

Higher order thinking skills: data analysis, 3D visualization

Other skills: measuring, calculating, and plotting 

.
Description

In preparation for this exercise, students have studied 2D strain, become familiar with strain ellipses, and have plotted 1+e2 vs. 1+e1 for progressive pure shear and simple shear deformations.  They have measured 2D strain using a variety of standard lab methods.  And they have read about 3D strain and the strain ellipsoid.  

During class, I have each student make a play-do cube and mark circles on at least three of the (mutually perpendicular) sides, and measure the radii of their circles.  Then I have each student deform their cube (maintaining an overall rectangular prism shape).  I request that they make a different shape than their neighbors’ as they deform their play-doh.  I ask them to describe what happens to the inscribed circles, and therefore what would be happening to an imaginary sphere within their cube.  

Next I introduce the idea of a Flinn Plot, as an abstract but elegant means of conveying 3D strain ellipsoid shapes.  I describe the axes, point out that the origin is at (1,1), and plot an example, using my own play-doh parallelipiped, deformed like theirs.  Each student then calculates (1+e1)/(1+e2) and (1+e2)/(1+e3) for their parallelipiped, and plots their strain ellipsoid on a Flinn Plot on the board.  As a class, we examine each deformed block of play-doh and compare it to its corresponding point on the Flinn Plot.  I ask the class to generalize about the deformed shapes above the “plane strain” line versus those below the “plane strain” line.  Each student thus practices measuring and calculating 3D strain, and plotting that strain on a Flinn Plot.  And they have the opportunity to relate some concrete strain shapes to the abstract Flinn Plot.  
I follow this activity up by having students measure 3D strain in a rock sample and plotting their results on a Flinn Plot.  Then we go on to discuss the element of time, and also the behaviors of various strain markers during deformation.  

.
Evaluation 

On the next exam, I have students measure 3D strain in a rock sample and plot their results on a Flinn Plot.  

Documentation

The following pages are the class handout that goes with this exercise.  As you can see, this exercise is only a portion of the 2 hour class period, in which we also consider the kinematics of deformation.  However, I allow this activity (including the follow-up strain measurements on rock samples, and discussion) to take approximately half of that 2 hour period.  I find that the students seem to follow along just fine, right up to the point where I ask them to measure the strain in their deformed play-doh blocks.  Then there is a period of mild chaos as they realize they don’t know where to start, and I help individuals get started measuring and calculating.  This part always takes longer than I imagine it will, but it is obviously the key to student understanding.  

References [textbooks for the course]:

Davis and Reynolds, Structural Geology of Rocks and Regions, Wiley and Sons, New York, 1996. 

Rowland and Duebendorfer, Structural Analysis and Synthesis, Blackwell Scientific, Cambridge MA, 1994.

Adding dimensions to strain analysis

(Ooids… in… Space…. and Time)

New terms for today: 

Strain Ellipsoid



3-D shape of an initially spherical object, 1 unit in diameter

Progressive Deformation
strain through time

General Shear



pure shear + simple shear + dilation
Passive Markers



strain markers that deform homogeneously with their matrix

Structural Compatibility
does my strain analysis make sense?

So far, we’ve been considering strains as if rocks only ever deformed in two dimensions.  Today we will expand our view of the universe.  

Time:  Actually, we have already begun to consider the effect of time – that is, we know that the cumulative, or finite, strain ellipse is different than the incremental strain ellipse.  This is a good thing, as it sometimes allows us to determine strain path, or history, from deformed rocks.  Take a look at the handout, from Rowland and Duebendorfer, comparing the coaxial (i.e., pure shear) finite strain ellipse to the non-coaxial (i.e., simple shear) finite strain ellipse.  The big difference, as we’ve seen, is what happens to individual lines in various original orientations.  I point this out not to fry your brains, but just to remind you that ultimately, we hope to be able to deduce something about the history of progressive deformation.  Let’s look at a couple of hand samples, then do problem 14.5 together.  

Space:  In reality, most deformation occurs in three dimensions.  The 3-D equivalent of the strain ellipse is the strain ellipsoid.  It’s just what it sounds like.  And, like a strain ellipse, it has a major axis and a minor axis.  In addition, it has an intermediate axis, in the direction of intermediate finite stretch (perpendicular to the directions of maximum and minimum finite stretch).  Silly putty eggs are a close approximation to one possible strain ellipsoid shape.  

To get a better sense of 3-D strain, let’s do a few things….   First, make a play-do cube and mark circles on at least three of the (mutually perpendicular) sides.  Now deform it.  What happens to the circles?  What is happening to the 3-D sphere you could visualize inside the cube?  

Remember the 1+e2 vs. 1+e1 plots of plane strain?  The three dimensional “equivalent” is called a Flinn Plot, and is a graph of (1+e1)/(1+e2) vs. (1+e2)/(1+e3).  Got that?  Think about a strain ellipsoid (if you like, keep it simple, and let 1+e2 = 1).  Now, what is (1+e1)/(1+e2)?  How about (1+e2)/(1+e3)?  Let’s plot a couple of strain ellipsoids for your play-do deformations on the Flinn Plot, to help that sink in a bit.  And where would your silly putty egg plot, if it were truly ellipsoidal?

Okay, now let’s apply that to a rock.  Measure and plot the 3D strain of the sample.

Other complications:  But wait, there’s more!  The next thing to think about, in terms of broadening our view of deformation, is that it doesn’t usually take the form of ideal pure shear or ideal simple shear.  Often, it’s a combination of these, perhaps with some dilation as well.  Although we really won’t spend much (any?) class time on the subject of general shear, in the field it is healthful to remember that any deformation is probably accommodated by some combination of simple shearing and/or pure shearing and/or dilation.  For example, Basin and Range extension can be thought of as a crustal-scale pure shearing (stretching and thinning) plus volume gain, where the positive dilation is taken up by magmas.  And that, too, is a simplification of what is happening on the smaller (i.e., kilometer) scale.  The Appalachian Valley and Ridge Province, where we will go for our field trip, may be thought of as a region that has undergone upper-crustal simple shearing (the rocks that are now on top have been “sheared” toward the foreland – Ohio, if you will) plus pure shearing (the crust has been thickened and shortened as thrust sheets push up over each other).  

I invite you to explore the world of general shear via the diagrams in your book [Davis and Reynolds], from p. 85-93.  In an advanced structural geology course, we would learn the equations associated with a few of these types of deformation.  I’ll spare you.

Okay, a few more complications.  To calculate strains, we rely on strain markers.  But what if we don’t know the exact shape and size of the strain markers prior to deformation, as in the case of stretched pebbles in a conglomerate?  In that case, our strain estimate may exaggerate the actual strain.  Or what if the whole rock deforms more than the fossils, mineral crystals, ooids, pebbles, or whatever that are included within the rock?  Or what if the tourmaline crystals we see in a rock first rotated, then stretched parallel to S1?  That is, what if they underwent some amount of rigid body deformation in addition to the non-rigid deformation that we can measure?  In general, the strain estimates we get from such markers are just a minimum.  However, if we know that the strain markers are made of the same material as the whole rock, they may be what we call passive markers, which deform along with the matrix around them.  In that case, they record the strain of the whole rock.  Ooids in a calcite mudstone are believed to be one example of this.  Thank goodness for ooids.  

Finally, when all is said and done, it’s important to look back on our strain calculations and ask, “Does this make sense?”  If I “undid” the strain I just measured, would I get something that’s geologically reasonable?  There’s a nice discussion of structural compatibility in your textbook.  

What to do:  problems 14.7 & 14.8 in the 3-D strain handout [from Rowland and Duebendorfer].  Due Tuesday.

