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                                                                   Introduction

     The plagioclase series is the most important group of silicate minerals, both volumetrically and chemically, in the Earth and Lunar crusts. It is the most common silicate mineral in the oceanic crust of the Earth and a major constituent of the Earth’s continental crust. In addition, the coupled substitution between Ca-rich anorthite and Na-rich albite which form the plagioclase solid solution series does not proceed rapidly even at magmatic temperatures of 1200 degrees C. Because of this phenomenon, plagioclase is probably the most important silicate mineral for recording significant details of its growth history. Therefore, the understanding of plagioclase zoning is extremely important to petrologists, geochemists, and planetary specialists when it comes to the understanding of the formation of planetary bodies, the crystallization of plutons, and volcanic flows.

     Zoned plagioclase feldspars, as members of a continuous reaction series, have marked adaptabilities to external temperature-pressure conditions and bulk composition of a crystallizing silicate melt. Their variable composition with respect to K-Na-Ca and Si-Al contents and their crystallization over an extended temperature range reflects the physico-chemical processes during crystallization. Though difficult to interpret, plagioclase zoning is a potentially useful tool for understanding lunar and planetary magmatic processes and recognizing sequences of magmatic events.

     Vance (1962, 1965) and Bottinga et al. (1966) have reviewed the theories affecting plagioclase compositional zoning and the role of diffusion in plagioclase crystallization respectively. Pringle et al. (1974) have evaluated and consolidated some principles governing the crystallization of plagioclase.  Until 1972, interpretations of plagioclase zoning were based primarily upon thin section observations and theory with minimal experimental evidence. Lofgren (1972), however, using internally heated pressure vessels has shown that sufficiently large zoned plagioclases can be grown from synthetic starting materials for thin section and electron microprobe studies. More recently, an extensive review of zoning in plagioclase was given by Smith and Brown (1988) and much of the recent work on oscillatory zoning in plagioclase has been reviewed in detail by Pearce (1994).

     Lofgren (1974a,b, 1980) demonstrated using synthetic zoned plagioclase feldspars that the variation in the style of zonation records the physico-chemical changes which silicate melts undergo during crystallization. This zoning was produced experimentally by rapid changes in temperature. Smith and Lofgren (1983) have demonstrated using synthetic and natural plagioclase feldspars from volcanic rocks that a primary continuous or reverse zonation may be distinguished from a secondary or superimposed style of zonation caused by local physico-chemical fluctuations relating to individual crystal growth during silicate melt crystallization. Such zoning has been explained by Lofgren (1974a) as a kinetically controlled response to a sudden change in either the degree of supercooling or the degree of supersaturation. In volcanic rocks supercooling is the more viable hypothesis based on sudden pressure changes rather than the sudden temperature changes associated with the synthetically produced zoned plagioclases.     

                                                               Analytical Methods

     Electron microprobe analyses for Na, K, and Ca were carried out on an ARL-EMX-SM electron microprobe at the NASA Johnson Space Center, Houston, Texas. An electron beam of approximately 1 (m in diameter was used with an acceleration potential of 15 Kv and a sample current of 0.02 (A. Analyzed mineral standards were used. All data were collected using 2 (m step-scan traverses; each point was irradiated for 20 seconds. X-ray intensities were measured with an electron beam diameter of approximately 1 (m using a 15 Kv acceleration potential and 0.015 (A sample current. Measured X-ray intensities were corrected for detector deadtime, background, and matrix effects using a Bence-Albee correction technique with alpha factors by Albee and Ray (1970). Mineral standards were used throughout. 

                                                                  Purpose     

   The purpose of this exercise is to: 1) become familiar with the various types of zoning found to occur in plagioclase feldspars, 2) be able to recognize and identify the various zoning types, and 3) be able to interpret the petrogenesis of the various zoning types from optical and microprobe data. Additionally, the exercise is to give the student an opportunity to interpret analytical data and to engage in critical thinking as it relates to igneous petrology of volcanic rocks.

                                                    Plagioclase Zoning Types      

    The chemical variation in the composition of a solid solution mineral series from core to rim, as the result of separation of the mineral phases during its growth by loss of equilibrium in a continuous reaction series is called zoning. Zoning preserves the record of compositional variations caused by physico-chemical changes that affect the magma in which these minerals grow; e.g., when intensive variables change faster than equilibrium kinetic rates. Therefore, plagioclase in plutonic and volcanic rocks is usually compositionally zoned. The various types of plagioclase zoning include:

1) Normal  Zoning; an An-rich core grading continuously and smoothly to an Ab-rich rim.   

2) Reverse  Zoning; going outward from the core the mineral becomes increasingly An-rich.

3) Oscillatory Zoning; fine-scale repetitive oscillations in composition, ranging from 1-2 to 20-25 An mole %.

4) Discontinuous Zoning; a sequence of sharply defined concentric zones (abrupt discontinuities) with large compositional changes (10-30 An mole %) going outward from the core to the rim.

5) Sector Zoning; zoning localized at particular crystallographic orientations with differences in composition between sectors.

6) Patchy Zoning; zoning localized in several areas of the mineral, with no preference for crystallographic orientation.    

    Note: It is not unusual that normal, reverse, oscillatory, and discontinuous zoning be present in a single crystal. 

                                                     Zoned Plagioclase Exercise

    In the following plagioclase exercise pick one thin section from M-714A or M-513 and M-229B or M-600 and complete the following:

1) Polished thin sections M-714A, M-513, M-229B and M-600 are from a fresh hypocrystalline aa basalt porphyry, Pacaya Volcano, Guatemala (see Eichelberger et al., 1973); a dacite porphyry from California; a hypocrystalline trachyte porphyry from near the Hoover Dam, Arizona; and a hypocrystalline basalt porphyry from Chile, respectively.  In your thin sections locate the proper phenocrysts noted in Figures 1, 2, 3, or 4.  Once you have located the proper phenocrysts, identify each of the individual faces (if possible) with their proper Miller indices.  You need to include a drawing or a photomicrograph for each phenocryst, which is properly labeled.

2) After completing question one (1) identify the type(s) of zoning present in each crystal you are studying.  Of the type(s) of zoning you have identified, which will be the easiest to determine their composition by optical means? Note for instructors: discontinuous zoning is the easiest to determine the composition of each discontinuous zone.  

3) Knowing the orientation of the crystal, determine the composition of the various zone(s) optically (see Hibbard, 1995, chap. 5) by measuring the extinction angle utilizing the proper method for this particular phenocryst. 

4) Utilizing Figures 1, 2, 3, or 4 and the microprobe data (Tables 1, 2, 3, or 4) for the particular phenocryst(s) you are studying, plot the An% vs. distance in microns for the microprobe trace.  Set the abscissa of your graph as distance.  The probe traverse is based on a 2- micron step scan interval.  How does your optical determination of the composition for the phenocryst you are studying compare with the microprobe values and the type(s) of zoning present?  Be sure to include either a drawing or a photomicrograph of the phenocryst with the microprobe traverse properly located. Note for instructors: see Table 5 for a comparison between the optical and microprobe data.

5)  Utilizing Table 6 and the software Igpet for Windows complete a CIPW norm for either M-714A or M-513. How does the calculated An content for your plagioclase crystal compare with your optical and probe data and are there similarities or/and differences? 

6) Now write a discussion as to how the various type(s) of zoning may have been formed in each  sample utilizing the solid solution phase diagram for plagioclase whenever possible. Note for instructors: discontinuous zoning is the easiest for undergraduate students to work with, however, graduate students should be able to discuss the more difficult reverse and oscillatory zoning.       
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