PROJECT DESCRIPTION

Collaborative Research: Determining mantle rheology from field and microstructural observations of naturally-deformed peridotites
I. INTRODUCTION

     The rheology of the lithosphere has been quantified through the use of experimental rock deformation studies, guided by geological field studies and microstructural analyses.  Based on the diverse data collected through these methods, a model for the strength of the lithosphere has evolved that calls for a frictional upper crust, with strength increasing with depth to a maximum at the brittle-ductile transition zone (Sibson, 1977; Sibson, 1983; Scholz, 2002), and a plastic lower crust that weakens with increased depth and proximity to the Moho (e.g., Scholz, 2002).  Similarly, the upper mantle underlying continental crust is thought to behave as a rigid lithospheric layer, underlain by a more mobile, fluid-like asthenospheric mantle (Brace and Kohlstedt, 1980).  

     Several workers (e.g., Maggi et al., 2000; Jackson, 2002) have recently challenged this long-standing belief of a strong upper crust, a weak lower crust, and a strong uppermost mantle (the ‘jelly sandwich’ conceptual model; Chen and Molnar, 1983; Molnar, 1992).  This debate results from questions concerning the exact nature (e.g. composition, presence or absence of fluids) of different lithospheric layers, and thus, which laboratory deformation experiments are most applicable to naturally deformed systems.  For example, the weakening effect of water on olivine slip systems and mantle rheology (e.g., Kohlstedt et al., 1995; Jung and Karato, 2001) is significant.  Similarly, the strength of the lower crust may be better characterized by a flow law for dry diabase (Mackwell et al., 1998) than for “wet” granulite or diabase, which would suggest a stronger lower crust than anticipated (McKenzie and Jackson, 2002).  Thus, at present, we do not unambiguously know even the relative strength of the Earth’s lithospheric layers. Resolution of this question is crucial to understanding the geological mobility of our planet, and requires quantification of the bulk (i.e., spatially averaged) rheology of the layers, particularly of the upper mantle.

     This grant proposes to make rheological estimates of naturally deformed mantle materials, by combining quantifiable field observations with the results of experimental deformation. Field geology can analyze deformation in real-earth materials, at geologically relevant spatial and temporal scales, and for natural external conditions (P, T). Experimental rock deformation has been extremely successful, among other reasons, because of the ability to control external variables and thus reduce the number of unknown variables.  By incorporating the results of the two approaches, a powerful synergy is obtained. 

The lithospheric mantle is chosen for our study because: 1) The lithospheric mantle has been considered to be the strongest layer within the lithosphere (depending on the assumed water content; Kohlstedt et al., 1995); 2) abundant experimental deformation data exists on the volumetrically dominant mineral in the mantle (olivine; e.g., Hirth, 2002), and 3) the mineralogy is relatively simple (typically olivine, pyroxene, and spinel).  We propose to exploit two of the least serpentinized sections of naturally exposed upper mantle rocks anywhere in the world as “natural laboratories”; the Twin Sisters body in Washington State and the Red Hills  (part of the Dun Mountain ophiolite belt) in New Zealand.  The Twin Sisters dunite is an ideal field locality to determine the effect of the 2nd phase (orthopyroxene; opx) on rheology, using three independent approaches.  Folded and elongated opx-dikes provide information on the finite strain (derived from dikes; e.g., Talbot, 1970; Passchier, 1990).  The mechanistic approach compares the Lattice Preferred Orientation (LPO) to the finite strain, allowing documentation of LPO development in dunite (olivine) and harzburgite (olivine and orthopyroxene) at the same finite strain.  The dynamic approaches utilizes the wavelength/thickness ratio of the orthopyroxene dikes to determine the relative effective viscosity of the orthopyroxene vs. olivine (e.g., Talbot, 1999).  The kinematic approach quantifies the differences in strain between dunite vs. harzburgite, using dikes as offset markers.  The Red Hills area of the Dun Mountain ophiolite, New Zealand, allows us to investigate two additional aspects of mantle deformation: 1) The possible existence of large-scale structures (e.g., nappes) forming in the mantle, and 2) Why localization occurs in the mantle. 

     We first start with a brief overview of the field areas.  These particular field areas were chosen because: 1) The complete lack of serpentinization allows us to detail the relation between the different mineralogical phases; 2) The exposures are excellent; and 3) The structural features in each are complimentary; some features are not found in the other massif.  Although both areas have been studied on a large scale (e.g., Walcott, 1965; Christensen, 1971), the approach of this grant is extremely detailed mapping in key areas (100 m scale), and explicitly relating the microstructures to the meso- and macroscale to determine rheology.

II. FIELD AREAS

1. Twin Sisters, Washington
2. Red Hills, New Zealand

III. FUNDAMENTAL QUESTIONS


This grant will test the following fundamental questions about naturally-deformed mantle peridotites, in addition to providing a qualitative assessment of mantle rheology.  

1. Can we calibrate LPO development as a strain gauge using naturally-deformed rocks?

2. Does the presence of more than one phase affect activation of different slip systems in naturally deformed peridotites?

3. What is the effect of a second phase on estimation of stress from paleopiezometers calibrated for monophase materials?

4. Can we calculate rheology for a naturally-deformed mantle material with two minerals?

5. Does compositionally-controlled, meter scale partitioning of strain occur in the mantle? If so, what is the rheology of a banded mantle?

6. Does the mantle deform on structures that are larger than 1 km (e.g., folds)?

7. What controls LPO in mantle deformation?

8. Why does the mantle localize deformation?

The above questions are addressed in the methodology section. The methodology section is given in flow-chart form in Fig. 3, in which these fundamental questions are denoted by ellipses. 

IV. METHODOLOGY - TWIN SISTERS

Detailed field mapping

1.  Approach 1: Mechanistic approach 

a. Calculation of finite strain from dikes 
b. LPO analysis using universal stage and EBSD
c. Calibrate LPO analysis to finite strain in olivine-only rocks.  

Thus, we can test the use of LPO as a finite strain gauge (Fundamental Question #1).
d. Measure LPO of minerals in rocks composed of different phases
 Using this approach, we can determine if composition affects activation of different slip systems for the same finite strain (Fundamental Question #2).

2. Approach 2: Dynamic approach 

a. Calculation of wavelength
b. Calculate relative effective viscosity of olivine and pyroxene


c. Constrain P, T, stress
Thus, we can address the effect of a second phase on estimation of stress from paleopiezometers calibrated for monophase materials (Fundamental Question #3)
d. Apply experimentally-derived flow laws 
e. Calculation of rheology of two phase system
Thus, we can determine, or at least constrain, the rheology of a biphase mantle (Fundamental Question #4).
3. Approach 3: Kinematic approach

a. Map out bands of dunite and harzburgite “domains”
b. Examine relationship of dike deformation to domains
This analysis will determine whether compositional variations control partitioning (Fundamental Question #5).
c. Quantify degree of partitioning based on matrix composition
d. Produce mechanical model for banded mantle
Thus, if the mantle partitions, we can estimate the bulk kinematics and rheology for the resultant banded material (Fundamental Question #5).

V. METHODOLOGY – RED HILLS 
Detailed field mapping

1. Large-scale folding

a. Document foliation patterns
b. Measure LPO in all areas of the Porter’s Knob antiform
c. Constrain P, T, stress, strain-rate

Using the variety of techniques discussed above, we can constrain whether the km-scale folding occurred in the mantle. (Fundamental Question #6)
2. Small-scale shear zones

a. Document offset on dikes and calculate finite strain of shear zones
b. Measure LPO in dunite affected by shear zones
Using this approach, we can determine what controls LPO in mantle deformation. (Fundamental Question #7)
c. Measure LPO in harzburgite affected by shear zones
d. Determine conditions both in fold hinge and on fold limbs 

From these combined analyses, we will determine the causes of strain localization at mantle conditions in Red Hills. (Fundamental Question #8)

3. Comparison between Twin Sisters and Red Hills Massifs

VI. ANTICIPATED RESULTS
VII. Research Responsibilities and Schedule
VIII. RELATION TO ONGOING WORK

IX. BROADER IMPACT

X. RESULTS FROM PRIOR NSF-FUNDED RESEARCH: NEWMAN
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Figure 3: Flowchart for the grant. The methodology section follows this outline.




