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DESCRIPTION OF EXERCISE

►Students are given data for three unidentified hypothetical environments and asked to determine the relative effects of mixed layer thickness, sediment accumulation rate, and bioturbation rate based on a simple diffusion-based model of bioturbation.  

►Students are asked to identify the three unknown environments based on the data.

►Students are then asked questions regarding the effects of the model on temporal resolution and porewater chemistry and the resulting fossil assemblages.  

OBJECTIVES AND GOALS
To understand the relative effects of sedimentation, mixed layer thickness, and bioturbation rate on temporal resolution in each of three different environments.
By the end of this exercise, the student should:
►understand how and where bioturbation takes place.

►determine the relative effects of sedimentation, mixed layer thickness and bioturbation rate on each of three different environments using a simple model.

►understand the drawbacks (“caveats”) of the simplistic model.
►understand the effects of bioturbation on porewater chemistry and preservation in marine environments.
►have a basic understanding of how bioturbation occurs on multiple spatial and temporal scales.  
CONTEXT

Level: This exercise has been used in a junior level paleo course, junior level strat course, and grad level strat course.

Skills/concepts required: Basic concepts of sedimentology and depositional environments. 
Position in course: Varies, depending on when section on taphonomy is taught.
HIGHER ORDER THINKING SKILLS

►How depositional environments vary with respect to temporal resolution and completeness.

►Critical evaluation of the utility of fossil assemblages formed in different types of depositional environments.  

EVALUATION

Assignments (plots, written answers) are collected and examined in relation to plots and lecture notes.  

BACKGROUND
Bioturbation--the mixing of sediment by organisms--has a tremendous impact on temporal (time) resolution, porewater chemistry (in the marine realm), and fossil preservation to help produce time-averaged assemblages.  Virtually all stratigraphic signals are subject to bioturbation, including xe "Those on land"those on land. xe "Darwin"Darwin cites numerous examples of the mixing and recycling of organic matter by xe "Earthworms"earthworms (composited from Darwin, 1896, pp. 146-147):

Farmers in England are well aware that objects of all kinds, left on the surface of pasture-land, after a time disappear...or work themselves downwards....The Rev. H.C. Key had a ditch cut in a field, over which coal-ashes had been spread...eighteen years before; and on the clean-cut perpendicular sides of the ditch, at a depth of at least seven inches, there could be seen, for a length of 60 yards, 'a distinct, very even, narrow line of coal-ashes, mixed with small coal, perfectly parallel with the top-sward'...Secondly, Mr. Dancer states that crushed bones had been thickly strewed over a field; and some years afterwards these were found several inches below the surface, at a uniform depth....

Insects, such as xe "Harvester ants"harvester ants, have also been shown to concentrate terrestrial xe "Vertebrate"vertebrate and gastropod remains remains.   xe "Gastropod"Growth and decay of plant xe "Roots"roots and xe "Uprooting of trees"uprooting of trees may also cause mixing.  Vertebrate-induced effects are most pronounced on small objects in loose sediments, and include "xe "Dinoturbation"dinoturbation" by dinosaurs; xe "Trampling"trampling and subvertical-vertical reorientation of long axes of bones in swamps and lake beds or around watering holes by elephants and other xe "Mammals"mammals; and digging and burrowing in soils, which may be extensive (e.g., xe "Prairie dog \"towns\""prairie dog "towns", which may extend meters deep and laterally for miles ).  Some studies have found terrestrial dispersion on the order of only centimeters, but it has been estimated that xe "Rodents"rodents may turn over 15-20% of surface soil in a single season, which results in complete mixing in 5-6 years.  Physical agencies include settling of bones into dessication cracks or xe "Karst topography"karst topography ("xe "Graviturbation"graviturbation"), xe "Subsurface flow"subsurface flow in subsurface springs and xe "Tar pits"tar pits, liquefaction by tectonic activity, and xe "Freeze-thaw cycles"freeze-thaw cycles or "xe "Cryoturbation"cryoturbation".   
       
Any signal that is incorporated into the stratigraphic record, whether it be seasonal shell inputs of a community or instantaneous (impulse) xe "Volcanic ash"volcanic ash layers, must pass through a mixed layer (here denoted m) that extends downward for some distance from the sediment-water interface (Figure 1).  The mixed layer acts as a xe "Low-pass filter"low-pass filter, in which high frequency events (such as seasonal shell inputs) are damped or removed and lower frequency events preserved.  Only in rare cases do organisms xe "Impede bioturbation"impede bioturbation, such as the extensive root systems of xe "Marsh plants"marsh plants, but even in this instance, plant xe "Roots"roots pump oxygen into the mixed layer, supporting extensive crab populations (which are burrowers) and altering porewater chemistry. Bioturbation is therefore a major xe "Impediment to bridging the gap"impediment to bridging the gap between ecological (short-term) and geological or evolutionary (long-term) processes.  On the other, bioturbation may be viewed xe "Favorably"favorably because it erases high frequency "noise" and leaves behind evidence of longer-term patterns and the processes that generated them.  
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Figure 1.  Characteristic ichnofacies along a depth transect from nearshore marine to deep sea.  Note the changes in bioturbation depth with increasing water depth.  Deepeer, vertical (up to ~1 m) burrows tend to characterize shallow environments, whereas more horizontal burrowing dominates I deep-sea environments down to ~10 cm

Methods have recently been developed for the classification and xe "Semi-quantitative estimation"semi-quantitative estimation of the extent of bioturbation in both cross-section and on bedding planes and in estimating the population sizes of bioturbators of ancient sediments, most Earth scientists have avoided study of this process because unraveling its effects is quite complex mathematically and because it involves the integration of diverse disciplines.  But if one wishes to extract high resolution data in the ancient record--such as the type that might be useful in reconstructing xe "Pre-anthropogenic environments"pre-anthropogenic environments--this process must be confronted.


A SIMPLE MATHEMATICAL MODEL OF BIOTURBATION 

IN THE MARINE REALM
Some models of bioturbation are based on the diffusion of heat.  Equations developed for the study of the diffusion of heat (“Fick’s equations) have been applied to the study of bioturbation.  One of the most famous (but not necessarily the best) is the Guinasso-Schinck equation: 
∂c/∂t = D(∂2c/∂x2) – υ(∂c/∂x) – λc,

(1)
where

c = concentration of the tracer

x = depth

υ = sediment accumulation rate

λ =  decay rate 
(see Martin, 1999, Taphonomy: A Process Approach, for derivation of equation 1, if interested). 
Equation 1 is read from left to right as:

“The change in tracer concentration through time (∂c/∂t) is equal to the change in concentration with sediment depth due to bioturbation [D(∂2c/∂x2)] minus the change in concentration with depth due to sediment accumulation at the sediment water interface [υ(∂c/∂x)] minus the change in concentration due to radioactive decay (λc; we can ignore this last term, although it is used to calculate sediment accumulation rates)”.  

Note that the first term on the right side of equation 1 is analogous to acceleration and the second term to velocity.  Bioturbation is assumed to mix the tracer up, down, and sideways through the mixed layer like diffusion, while sediment accumulation at the sediment-water interface tends to move tracer out through the bottom of the mixed layer into the so-called historical layer, where further alteration of the signal presumably slows or stops. 
Fortunately (!), the solution to equation 1 can be simplified to a simple algebraic formula:

G = D/mυ,

      (2)
where G is a “dimensionless parameter” (i.e., it has no units).  In this case, G expresses a ratio between bioturbation rate (D) and the produce of mixed layer thickness (m) and sediment accumulation rate (υ).  When:

►G is small ((0.1; i.e., rapid sedimentation or slow bioturbation; see Figure 2), an instantaneous or xe "Impulse tracer"impulse tracer (such as a volcanic ash or microtektite layer) is buried below the mixed layer before it can be extensively reworked, so that its xe "Concentration distribution"concentration distribution is bell-shaped or "Gaussian" (Figure 2, next page).  
►When xe "G"G is large ((10; slow sedimentation or rapid bioturbation, the tracer exhibits an exponential decrease in concentration with time in the mixed layer and a uniform distribution in the mixed layer (Figure 2).
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Figure 2.  Relation between mixing parameter G and conservative impulse tracer concentration profiles (e.g., microtektites or volcanic ash) at different times.  Depth in mixed layer units; time normalized to time required for one mixed layer thickness to accumulate.  When G is small (rapid sedimentation, slow mixing), an impulse tracer is buried below the mixed layer before it can be extensively reworked (bell‑shaped profile).  If G is large (slow sedimentation, rapid reworking), the concentration of tracer decreases upward exponentially, but its concentration in the mixed layer in this case is relatively uniform.  

DRAWBACKS (“CAVEATS”) OF THE DIFFUSION-BASED MODEL
Bioturbation is not strictly analogous to diffusion.  Figure 3 indicates the movement of a particle during diffusion from point A to point B.  As the figure indicates, particles move at different rates depending upon the xe "Time scale of observation"time scale of observation.  The shorter the period of observation (t), the greater the particle velocity.  The velocity of particles moving within a restricted area (xe "Local mixing"local mixing) is actually much higher than the velocity of particles moving over larger distances (xe "Non-local mixing"non-local mixing) because it takes much longer, on average, for a particle to move a long distance (such as from A to B) than it does a short one, even though the processes involved may be the same.    
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Figure 3.  Pathway of a particle moving by diffusion in two dimensions (within the plane of the page) after 18,050 steps.  Note that the particle tended to move within the region nearest A before moving to the area nearer B, where its movements were once again concentrated.


Thus, the burrowing activities of animals may occur at multiple spatial and temporal scales, i.e., they may be “patchy”), even in the same species.  xe "Pocket gophers"Pocket gophers, for example, create burrow entrance mounds at spatial scales of decimeters over temporal scales of years, but produce larger patches (xe "Mima mounds"mima mounds) at temporal scales of decades to centuries Mima mounds are approximately circular soil lenses up to ~2 m high and 25-50 m in diameter that occur at densities of 50 to >100 per hectare.  In the marine realm, certain shallow-water shrimps such as xe "Callianassa"Callianassa and xe "Upogebia"Upogebia build mounds and subsurface lodgings like Bugs Bunny’s, with a living room, TV room, bedroom, and kitchen.  Some organisms such as certain species of worms (e.g., freshwater Tubifex, some marine annelid worms) are size-selective while feeding; these species transport and concentrate particles of certain sizes within the mixed layer while leaving others behind.  This may result in a smoothed tracer profile like those in Figure 2 but with multiple peaks superimposed on the profile. 
DATA
Three different environments (A, B, C) are ibdiucated below, each with their respective values of D, m, and υ (ka = “kiloyears” or thousands of years). 


       A



       B



      C
D = 

106 cm2/ka


104 cm2/ka


10 cm2/ka

m = 

100 cm



50 cm



10 cm

υ = 

100 cm/ka


400 meters/ka


4 cm/ka

ACTIVITIES AND QUESTIONS 
1) For each of the three environments, calculate G and sketch the approximate profile of an impulse tracer based on Figure 2 above.  Note that you will have to convert the sediment accumulation rate for environment B to centimeters.

2) Based on D, m, and v and Figure1, identify the environments represented by A, B, and C. 
3) Of three environments, which probably has the greatest temporal resolution?  Why?

4) Of the three environments, which most likely has the greatest continuity of sedimentation?  Explain.

5) Examine equation 2 and Figure 2 carefully.   Does equation 2 have any problems?  Explain.  (Hint: Hold D and υ constant while allowing m to vary and see what happens to G).   
6) Of the three different environments, which one is most likely to have the smoothest tracer profile?  Explain 

7) Based on your lecture notes, what effect does bioturbation have on each of the following in the marine environment?

A) Calcium carbonate dissolution


B) Calcium carbonate precipitation


C) Bacterial sulfate reduction

Give balanced chemical equations in your discussion.  Use your lecture notes to answer these particular questions.
8) What is the effect of bacterial sulfate reduction on marine porewater chemistry?

9) The following scenario is real.  A modern tidal flat environment was found to have a layer of unconsolidated fine sand (up to ~1 m thick) overlying a very hard, gray-to-black layer with abundant shell fragments.  How can such a well-consolidated stratum occur in a modern environment? (Hint: Refer to your answers to questions 7 and 8.)
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