VI.
Proposed Research

Abstract

Recent studies of mineral weathering reactions have focused attention on the predominant role of "etch pits" ‑ loci of high dissolution rates that are interpreted to be the intersections of crystal fault planes or axes with the weathering surface. Although the inherent rates of dissolution at these rate‑enhanced sites must be many orders of magnitude more rapid than that of uniform dissolution (that would lead to rounding of the mineral grain), all studies to date have measured overall rates from finely divided samples, producing rate constants that are the ratio of the rate of appearance of crystal constituents in solution to the total area (BET) of the sample. Considerable theoretical and practical interest would lie in measurement of the actual rate of reaction at the etch pits, since it is only at these sites that the reaction is occurring at a measurable rate. I propose to measure the rate of growth of etch pits during the early stages of their formation by stereogrammetric interpretation of scanning electron microscope (SEM) images obtained during the process of weathering. If successful, this research would provide estimates of inherent rates and activation energies for etching reactions that have been reported in the literature. Because individual crystal samples would be studied and not large populations of crushed grains, information on the roles played by grain size, pretreatment protocols, and crystal faces may also result. These results should find application in the understanding of solid‑solution reactions, of weathering and element cycles in nature, and in the design of mineral assemblages for nuclear waste disposal.

Relationship to Previous Studies
Recent studies (1‑5) of the rates of chemical weathering reactions between high‑temperature silicates, such as feldspars and pyroxenes, and aqueous solutions reflect a growing interest in the role of weathering kinetics both in the context of basic geochemical studies of element cycling and in predictions of the long‑term stability of glasses and mineral assemblages for nuclear waste disposal. Such studies have been stimulated by theoretical treatments by Lasaga (6,7) and by Helgeson et al (8). However, experimental work to date has involved measurement of the rate of appearance of mineral constituents in solution, upon release from a large population of crushed grains, or in one case (4) measurement of overall mass loss from the solid phase. SEM images of grains before and after reaction show that the reactions proceed through preferential attack at isolated sites, interpreted to be the lines or points of intersection of crystal fault planes or axes with the mineral surface (9). Published SEM images (e.g. those of Knauss and Wolery (1)) of the resulting weathered surfaces reveals large populations of remarkably uniform "etch pits", suggesting that the rate of removal of material at these sites is very similar from site to site, and thus that this rate can be measured by following the rate of pit growth at a sample population of etch sites.


The extremely low overall rates (10‑18 to 10-15 mol cm‑2 sec-1) observed

for
many minerals clearly imply that dissolutions by classical edge, step, and

corner removal must be negligibly slow.(For example, a rate of 10‑14 mol cm‑2
sec-1 distributed evenly over a planar feldspar surface would result in the

removal of the order of one unit cell depth per day, a rate sufficient for

geological processes, but quite imperceptible in the context of the hundreds of

micron‑scale pits that dominate a 1 mm weathered surface.) Thus, the

relationship of rate constants calculated as total moles of material appearing

in solution divided by the projected or BET area of the entire sample cannot reflect actual rates at pit sites, but should reflect the density of faults in the particular sample used and thus also the mechanical and chemical history of the sample (10) and, if the particular crystal plane dominantly exposed at a grain surface plays a role, may not be representative of any single, real grain surface.

The global rate constants produced by the crushed grain experiments described above have the advantage of reflecting the experience of individual grains in a soil (3) or in a weathering rock; however, it would also be of considerable theoretical and practical value to obtain actual rates of dissolution at etch pit sites, for comparison to the global rates obtained to date. I propose to do so by measuring stereogrammetrically the rate of increase of volume of selected individual pits, using stereo SEM images and standard stereogrammetry software. The required scanning electron microscope, computer, and image processing software are available at St. Andrews College. This proposal seeks funding to obtain other needed equipment (described below), to purchase analytical services for sample authentication, and to support principal investigator and undergraduate student summer salaries for two years. Work Plan

A. General procedures and equipment. Mineral samples will be mounted rigidly

on a wettable, nonreactive SEM stub and exposed to a one‑directional flow of

solutions in a thermostatted environment. Large mineral crystals will be sawed

to approximate size, and then cleaved to produce a fresh face for reaction.

Experimental protocols will thus avoid some of the unavoidable stresses that

crushing and ultrasonic cleaning may induce in global dissolution studies.

Solutions, passing once over the exposed mineral face, will have minimal buffer

capacities, to avoid the possible rate‑enhancing effects of buffer base (unless

these are intentional, V.I.) Solution compositions will be far from equilibrium with the solid, to avoid production of secondary minerals on the reacting surface. Preliminary experiments indicate that good‑quality images of mineral surfaces can be produced with our SEM (ISI "Super‑IIIA") without metal‑coating the mineral provided that electron beam intensity and total exposure to the beam is minimized. Because dissolution rates away from etch pits are so slow, unpitted areas of an image will serve as the reference surface required for stereography. (This hypothesis will be verified at an early stage of the research by masking half of the reaction surface with an inert protective layer, either vacuum‑deposited gold or solvent‑deposited hydrocarbon.) Unreacted sample surfaces will be photographed at low magnification, and then exposed for a brief time (to be determined) to the weathering solution. Small etch pits will be located by reference to the unreacted surface, their location established with respect to characteristic topographies of the nonuniform mineral surface about them, and photographed in stereo pairs (multiplets). The sample will then be returned to the reactor for, one or a sequence of further reaction times, and the growth of the etch pits photographed in stereo as the reaction proceeds, all images being recorded in digital form. Then, using well‑established stereographic methods (11,12) the rate of volume removal from the pits will be calculated and converted to rates in moles sec‑1 cm ‑2 (of internal pit area), and moles sec‑1 for the pit as a whole. The reactions will be carried out at a variety of temperatures in a thermostatted enclosure to be constructed here, and the temperature dependence of the reaction rate interpreted to yield activation energies.

       Whether such activation energies are uniform from pit to pit, over the life of the pit, and from surface to surface, or are comparable to those (ca. 20‑30 kcal mol‑1, (1)) observed in crushed‑grain experiments (1) would be

information to be sought by this work. Other parameters to be investigated both during this work and by future undergraduate researchers include the systematic study of the role of solution pH, of potential complexant anions and humic substances, of cations likely to be released by adjacent mineral grains in a weathering rock (e.g. Fe2+ from pyroxenes adjacent to plagioclase in a diabase, or Na+ from plagioclase adjacent to K‑feldspar in a monzonite), possible D+ isotope effects in acid‑catalyzed mechanisms, and the influence of cation ratios in diadochic minerals. Note that such parametric studies would be difficult to interpret in crushed‑grain, global‑rate studies, since the latter do not readily distinguish between rate enhancement because of increased numbers of pits, and intrinsic rate enhancement at each pit.

While a great deal of learning will need to occur in the early phases of this work, I anticipate reaching a "steady state" in which the focus can be upon data production and interpretation rather than upon method and protocol development, after one year. In both stages, there will be a great deal of opportunity for undergraduate participation. ,(I am in fact working with an undergraduate collaborator in preliminary studies at present.) Undergraduate researchers will be asked to master the experimental protocols, to participate in field work to procure samples, to participate in interpretation and planning of next‑step experiments, and to co‑author articles.

Samples and materials
Careful and sophisticated studies of weathering rates of alkali and plagioclase feldspars (1,5) have appeared in the recent literature, and samples of some of these are commercially available. Others are readily obtainable in the field. Thus these would be the logical minerals with which to begin this study. In the case of field samples, mineral identification and selection by petrographic study will be required, and in all cases the selected minerals 
will be authenticated by x‑ray diffraction. Petrography can be carried out by the principal investigator, but thin section preparation and x‑ray diffraction

will be contracted for externally.

Remarks on budget

Item 1. (P.I. Summer salaries). The amount requested is less than 2/9 of the P.I.'s academic‑year salary, and is interpreted to account for two months of full‑time work per year at $2000/month. In reality, more than four months of full‑time work will be spent on the project during the duration of the grant period.

Item 2.
(Student summer salaries). The Principal Investigator manages a discretionary fund, up to $1000 per year of which may be spent upon his own research. This sum will be used to supplement the amount requested from PRF to provide two 10‑week student stipends at $200/week. In addition, St. Andrews Presbyterian College will provide housing for these students free of charge during their work on this project.
Item 3.
(Supplies and services). Will largely be spent for thin section preparation and x‑ray diffraction authentication of mineral samples, and for minor costs of assembling reaction vessel components. Such items as common chemicals, pH meters, bath thermostats, etc. are available to the PI at St. Andrews, as is use of SEM, of image recording and processing equipment, computer, and software for stereogrammetry. About $200 per year is estimated for SEM maintenance items (filaments, gold wire, etc.).
Item 4.
(Capital equipment).The largest single item is a petrographic microscope (estimated cost $6000). Although a few petrographic microscopes are available at St. Andrews, these are obsolete models

donated or on loan from nearby universities, and are no longer capable of providing the high‑quality, strain‑free images and interference figures that will be required in the early stages of locating and isolating minerals from field samples. For a relatively minor cost above that of a "baseline" model, a trinocular instrument that can be used for teaching (projecting video images) can be obtained. The remainder of this item is planned for a peristaltic pump, and a teflon reaction vessel.
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PROPOSED BUDGET — TYPE B GRANT

Maximum request: $20,000 for two grant years.  Although some budget flexibility can be allowed, with prior approval, after a grant has been awarded, an outline of the projected use of the funds being requested will aid in the evaluation of the proposal.  Shifts in budget category allocations, consistent with the terms and conditions outlined on page 7, and time extensions without the commitment of additional funds may be arranged with prior approval.  Funds not expended in one budget year may be carried forward into the next.

For the Periods

(Each period should end on August 31 and be of at least twelve months duration.)

	
	 ____Aug._ 1, __1988__
	       Sept. 1, ___1989____

	
	
	

	
	    to Aug. 31, ___1989_ 
	to Aug. 31, ____1990____

	1. Summer Salary:

 Principal Investigator 
	
	

	 (Maximum: $4,000 per          year including benefits) 
	_______4000_________ 
	_________4000________

	
	
	

	2.  Stipends: 

Undergraduate Student(s) 
	_______1000_________
	__________1000________

	
	
	

	3.  Expendable Supplies and/or Services,
	
	

	  i.e., Chemicals, Glassware,                 Analyses, etc. 
	 _________700__________ 
	____________500______

	
	
	

	4.  Capital Equipment  (Specify item and any match in narrative)
	 ________7500_______ 
	_____________-0-_____

	
	
	

	5.  Travel 

(Maximum: $2,000 per year)
	 ___________________
	_____________________

	      
	
	

	6.  Field work
	 ___________________
	_____________________

	
	
	

	7.  Departmental Allocation
	
	

	     (U.S. only; not to exceed $500/yr.)
	 _______   500_______ 
	_____________500_____

	
	
	

	
	
	

	     ANNUAL TOTALS 
	$______13,700_______ 
	$ _____6,000__________










TOTAL REQUESTED          








                                  $__19,700____________
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