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ABSTRACT 

Results from experiments in this work have been combined with existing data 

to yield tracer diffusivities of divalent cations in natural multicomponent garnets at 10-

40 kb, 1100 - 14750 C. For the garnet compositions studied in this work, the ~ctivation 

energy for tracer diffusion of Mn < Fe :: Mg, while activation volumes increase in the 

order Mg < Fe < :Mn. These data may be used with theoretical models to calculate the 

full multicomponent diffusion coefficient matrix as a function of pressure, temperature, 

composition and oxygen fugacity. 

An analytical model has been developed to describe the relaxation of 

compositional zoning in metapelitic garnets during metamorphism. It is found that a 

significant amount of relaxation occurs during heating and the composition at the core 

of a garnet crystal is disturbed very early in the process. The extent of relaxation 

depends on a number of factors which include the grain size, the initial shape of the 

compositional profile, details of the thermal history and the textural mode of 

occurrence of the garnet. Complications such as oscillations in a compositional profile 

may be explained by the mathematical form of the equations describing the process. 

Graphical representation of the results of this model have been provided that allow 

quick and easy determination of the extent of relaxation or time scale of metamorphic 
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processes. 

Calculations using the diffusion data indicate that Fe-Mg exchange 

geothennometry and Sm-Nd geochronology involving garnets may not yield the peak 

metamorphic conditions for certain geologically realistic situations. Model calculations 

on natural assemblages suggest that the diffusion data may be used to yield 

infonnation on metamorphic processes ranging from time scales to crystal growth rates 

during metamorphism. Veracity of P-T paths calculated from garnet zoning may also 

be checked using the diffusion data. Illustrative examples of such calculations have 

been provided. 
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CHAPTER - I 

INTRODUCTION 

Garnet is one of the most important minerals used to infer the thermal and 

dynamic histories of various crustal and mantle derived rocks. Garnet is an ideal 

recorder of past conditions in diverse rock suites because it is physically and 

chemically resistant and is stable over wide ranges of pressure, temperature and bulk 

compositions. Compositional zoning in garnets is widely used as a record of 

continually evolving thermal, baric and compositional conditions experienced by the 

rock. The usefulness of compositional zoning in garnet stems from (1) its sensitivity 

to the mineral assemblage and to temperature, pressure and other conditions of 

fonnation, (2) small diffusion rates that enable garnet to retain evidence of its growth 

and reaction histories under most geological conditions and (3) the accuracy with 

which such zoning can be measured in electron, proton or ion microprobes. 

Diffusion is an important process in controlling the usefulness of compositional 

zoning in garnet. First, diffusion tends to eliminate zoning generated by fractionation 

processes during the growth of many garnets (e.g. low grade metamorphic garnets, 

garnets in acid igneous rocks). Thus, a knowledge of diffusion behavior of the 
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pertinent cations in garnets of appropriate compositions is important to evaluate the 

extent of such readjustment. In the event that there is significant modification of such 

growth zoning, the magnitude of this modification may be used to constrain time 

scales of metamorphic processes. Secondly, diffusion tends to induce compositional 

zoning near the edges of crystals in response to changing temperature, pressure or fluid 

compositions during evolution of a rock (e.g. in high grade metamorphic rocks, 

metasomatized mantle rocks, skarns). In these cases, knowing the diffusion coefficient 

one can calculate the time scale of the causal geological process. When diffusion is 

important, it can be modeled relatively easily because diffusion in garnet is isotropic 

due to the isometric symmetry of the crystal. 

Three major problems dealing with diffusion in garnet are (1) the difficulty of 

measuring small diffusion coefficients within the laboratory time scale at high 

pressures and temperatures, (2) the multicomponent character of diffusion in a mineral 

with upto 4 exchangeable components and (3) the significant compositional 

dependence of diffusion coefficients. 
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OBJECTIVES 

The principle objectives of this work are: 

1. To obtain new experimental data on diffusion properties of aluminosilicate garnets 

and combine them with the existing data on carefully performed experiments to obtain 

a defmitive set of cation diffusivities in mUlticomponent garnet as a function of P-T-X-

f02• 

2. To develop and test a formalism which will allow the multicomponent diffusion 

problem to be reduced to an effective binary one for some cases. 

3. To develop an analytical model for the relaxation of growth zoning in metapelitic 

garnets in order to understand the nature and dominant controls of the process. 

4. To apply the above data set and model to various kinds of zoning profiles in natural 

garnets to calculate geologically important parameters as illustrative examples. These 

include calculations of time scales of metamorphic events, time scales of crystal 

growth during metamorphism and an analysis of the problem of closure temperature 

in relation to geothermo-barometry and geochronology involving garnets. 
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TERMINOLOGY 

Before discussing the existing diffusion data in garnets, it is important to clarify 

some of the relevant terminologies, since there is a lack of uniformity in their usage. 

The diffusion coefficient (0·1) of a very dilute tracer isotope(t) of an element (i) in 

a chemically homogeneous medium is defined as the tracer diffusion coefficient of the 

element in that medium. This defmition is in accord with that in many well known 

works e.g. Darken (1948), Manning (1968). The tenn chemically homogeneous implies 

homogeneity with respect to the concentration of the chemical elements. 0.1 is, in 

principle, a function of the composition of the medium and can be defined for any 

concentration of the element i. Since the medium is chemically homogeneous, the only 

force driving the diffusion of i* is its own (i.e. isotopic) chemical potential gradient. 

0*, is thus, also called self-diffusion coefficient of element i by some workers (e.g. 

Barrer et al., 1963; Shewmon, 1963; Crank, 1975; Stark, 1983). On the other hand, the 

tenn self diffusion coefficient has also been used to define the limiting case of tracer 

diffusion coefficient when the non tracer solvent and the diffusing tracer atom belong 

to the same element (e.g. Manning, 1968). We will avoid the tenn self-diffusion 

coefficient and refer to all diffusion coefficients relating to the diffusion of a tracer 

isotope in garnet of any composition as tracer diffusion coefficient. We will also use 

the tenn effective interdiffusion coefficient (EIe) to refer to a diffusion coefficient 
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which permits treatment of a multicomponent system effectively as a binary system 

over a limited composition range. Various multicomponent diffusion coefficients and 

the terms interdiffusion coefficient! exchange diffusion coefficient are defined in the 

next section on a rigorous mathematical basis. The concept of effective binary 

diffusion coefficient is developed and discussed in chapter m. 

OUTLINE OF MULTICOMPONENT DIFFUSION THEORY 

The phenomenological theory of diffusion in a simple, ideal binary system is based on 

the empirical fact that the flux of a component is proportional to the concentration 

gradient. The diffusion coefficient is the proportionality constant in this relationship, 

commonly known as Fick's law. In a multicomponent system, the flux of a component 

depends not only on its own concentration gradient, but also on the concentration 

gradient of all other linearly independent components. Thus the simple proportionality 

between flux and concentration gradient in a binary system is lost on addition of more 

components. The simplest fonn of dependence in a multicomponent system is one in 

which the flux of a component is described as a linear combination of all independent 

concentration gradients. Such a relationship was developed by Onsager (1945) as a 

multicomponent extension of Fick's law. 
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Ficks-Onsager Relations & D Matrix 

In a n-component system, the flux of n-1 components are independent. For one 

dimensional linear flow, these independent fluxes are given, according to Ficks-

Onsager relation (On sager, 1945), as follows: 

-
aCn-1 

-D(II-IXII-I) ax 
(/.1) 

where Cj is the concentration of the i th independent component, JI its flux and X is 

the distance. The magnitudes of the off-diagonal terms in the above set of equations 

indicate the extent of hydrodynamic coupling in the diffusion process, i.e. the extent 

to which the flux of a given component is influenced by those of the other components 

in the multicomponent system. H these off-diagonal terms are negligible, then the 

above equations yield a positive flux of a component in the direction of decreasing 

concentration. Using the principle of matrix multiplication, one can then write 
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JI Du DI2 DI(II_I) o C/o X 
J2 D21 D'}2 D2(II_J) oC/oX 

(1.2) - .. .. . . 
II- (11-1)1 .. .. •• D(II-IXII-I CII-/o 

or 

J - _DOC 
oX 

(1.3) 

where J and oC/OX are (n-l) column vectors and D is an (n-l)x(n-l) matrix of 

diffusion coefficients, often called the D-matrix. Application of the continuity relation 

to (1.3) results in the transient expression 

oe 
Tt 

(/.4) 

The expressions (1.3) and (1.4) are always valid for radial diffusion in a sphere if C 

is replaced by U, where U = Cr, r being the radial distance (e.g. Crank, 1975). 

It should be noted that although the numerical values of the DIj elements in the 

above matrix depend on the choice of the dependent component, the flux of any cation 
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computed using these elements is independent of the choice. 

Diagonalization of D matrix and Transformation of Components 

The D matrix has the property that it can be always diagonalized ( Cullinan, 

1965). Consequently, the system of coupled partial differential equations represented 

by (1.4) can be reduced to the form of simple or uncoupled diffusion equations by 

diagonalizing the D matrix and defining a new set of transformed components (Toor, 

1964). 

If r is a diagonal matrix of the eigenvalues of D, and B is a matrix whose 

columns are composed of the corresponding eigenvectors, then 

(1.5) 

so that 
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or 

(/.7) 

where C' is a matrix of transformed components defined by 

(1.8) 

Thus we obtain a set of independent diffusion equations of the form 

B Be. 
D _(r._') 

ti-X ' BX 
(/.9) 

where an eigenvalue r l is the diffusion coefficient of the independent (transformed) 

component CI '. These equations can be solved for each CI ' using standard 

mathematical techniques (e.g. Crank, 1975; Carslaw and Jaeger, 1959) after appropriate 

transformations have been made to the pertinent initial and boundary conditions as 



21 

well. The solutions can then be recast in tenDS of the real components according to 

relation (1.8) (For further discussions see Loomis, 1978a; Lasaga, 1979). 

D-matrix and Tracer Diffusion Coefficients 

The term tracer diffusion coefficient has been defined earlier. For a binary 

system, the D matrix reduces to only one element, Du, which has been called 

interdiffusion (e.g. Haasen, 1978; Borg and Dienes, 1988) or exchange diffusion 

coefficient (Barrer et al., 1963). 

Various models have been proposed to relate the elements of the D matrix to 

the tracer diffusion coefficients of the atoms (D;), which can be measured by using 

tracer isotope technique. The most commonly used formulation in metallurgical 

literature is the one derived independently by Darken (1948) and Hartley and Crank 

(1949). However, unlike metallurgical systems, interdiffusion in ionic systems is 

characterized by the requirement of electroneutrality. The problem was addressed by 

a number of workers for binary ionic system (e.g. Barrer et al., 1963; Manning, 1968; 

Brady, 1975). Barrer et al. (1963) derived the general relation between the 

interdiffusion and tracer diffusion coefficients in nonideal binary systems consisting 

of uneqUally charged species. For diffusion in a multicomponent ionic system, Lasaga 
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(1979) has developed a relation using the 'mean field theory' approximation, which 

reduces to 

D"IJ' - D- .() .. -J IJ 

D- 22 Y . 
, J r, (D -. - D - ) 

~ J ~ 
(/.10) 

LZ/XP-" 
"-I 

for diffusion in a thennodynamically ideal system, where the n th component is chosen 

as the dependent component The effect of thennodynamic nonideality is incorporated 

in the general equation derived by Lasaga (1979). 

PREVIOUS WORK 

Diffusion coefficients in garnet have been measured experimentally by Freer 

(1979), Duckworth and Freer (1981), Elphick et aI. (1981, 1985), Loomis et al. (1985) 

and Cygan and Lasaga (1985). Numerous estimates of diffusion parameters in garnets 

from analysis of compositional variations in natural samples include those of Anderson 

and Buckley (1973), Lasaga et al. (1977), Yardley (1977), Loomis (1978b), Dempster 

(1985). Critical evaluations of diffusion data in garnet may be found in Freer (1981, 

1987), Ganguly et al. (1987) and Chakraborty and Ganguly (1990). In order to place 
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the experimental work reported below in the proper perspective, we briefly discuss the 

shortcomings of the existing experimental database in the following section. 

The investigations of Freer (1979) and Duckworth and Freer (1981) were meant 

to be preliminary reconnaissance studies. However, poorly constrained experimental 

and analytical conditions and inadequate detail in the reporting of data make 

interpretation of these results ambiguous at best. Moreover, calculations using these 

data yield results that are inconsistent with observations on natural systems. These data 

have been critically discussed in Ganguly et al. (1987), where it was concluded that 

neither the absolute nor the relative magnitudes of these data are reliable. 

Ganguly et al. (1987) and Chakraborty and Ganguly (1990) concluded that the 

results of Elphick et al. (1985), LoorIlis ~t al. (1985) and Cygan and Lasaga (1985) are 

definitive for their respective P, T, X, f02 conditions of experiments. Loomis et al. 

(1985) found that the tracer diffusion coefficient of Mg is the same in almandine and 

pyrope rich matrix compositions. Extrapolations based on their high temperature data 

set match the measured values of Cygan and Lasaga (1985) at lower temperatures 

within the limits of error of the two studies. However, there was still considerable 

uncertainty in the Arrhenius relations used to calculate diffusion coefficients outside 

the experimental range. It is extremely important to constrain the temperature 
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dependence further since application of these diffusion data to geological systems 

typically require large extrapolations in temperature. Thus. improved knowledge of the 

temperature as well as pressure and f02 dependence of tracer diffusion coefficients of 

the major constituent cations in common garnets are necessary for proper modelling 

of natural systems. 
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CHAPTER- n 

EXPERIMENTAL METHOD 

Experiments have been carried out in the present study to constrain the 

temperature and pressure dependencies in almandine-spessartine rich systems in the 

range of 13-40 Kb, 1050-1400 DC. 

The experimental method adopted in this study is in principle the same as that 

of Elphick et al. (1985) with some modifications as discussed below. This approach 

consists of holding diffusion couples made up of natural, gem quality garnets of 

dissimilar but homogeneous compositions at the desired P and T condition for a 

suitable length of time and measuring the induced multicomponent diffusion profiles 

by step or beam scanning in an electron microprobe. The profiles are then analyzed 

in terms of multicomponent diffusion theory as also the effective binary diffusion 

formulation developed later in this work to retrieve the pertinent diffusion coefficients. 

The experimental problem in this approach is that in order to measure the very slow 

diffusivities in garnet it is necessary to carry out the experiments at high temperatures. 

This in turn requires that pressure be increased to insure stability of garnet and prevent 

melting. To maintain high temperatures and pressures for a sustained period of time 
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(enough to induce measurable diffusion profIles) without damaging the interface posed 

a major challenge in the design of these experiments. While most of these were 

overcome by Elphick et aI. (1985), additional improvements were necessary to 

accommodate the longer run duration and shorter profiles resulting from the relatively 

lower temperature conditions of the present work. In the following section we briefly 

describe some of the aspects of the design developed by Elphick et aI. (1985) followed 

by the improvements that were made in this study. 

DIFFUSION COUPLES AND EXPERIMENTAL CONDITIONS 

Pressure Cells and Furnace Assembly 

All experiments were carried out in a piston-cylinder apparatus with Talc-pyrex glass 

pressure media and graphite internal resistance furnace (Fig. IT.l) in pressure vessels 

with 1/2" (1.27 mm) or 3/4" (1.90 mm) internal diameter carbide core and carbide 

piston. The experimental temperature and pressure range was 10500C- 13000C and 15-

40 kbar respectively. In order to preserve the mechanical integrity of the gamet-gamet 

couple Elphick et al. (1985) took the following measures: 



Fig. n.l: Schematic drawing of pressure cell design for diffusion couple experiments 

in piston cylinder apparatus. 
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1. A 900 cone at the bottom of the diffusion couple helped redistribute the uniaxial 

stress. 

2. A thin (0.025") washer machined from high purity synthetic corundum or alumina 

placed between the thermocouple tip and the diffusion couple helped spread the point 

load against the hard thermocouple ceramic, and 

3. A 0.025" thick graphite disk above the garnet acted as a cushion between the 

alumina disk and the garnet. 

Modifications and simplifications to this design used in the present work are 

as follows: 

1. For the lower pressure (<25 Kbar) runs a thick talc bushing in a 3/4" internal 

diameter pressure vessel with a furnace assembly usually meant for runs in a 1/2" 

vessel was found to significantly improve the mechanical integrity (Fig.II.2) of the 

sample in runs of long duration (-7 days). 

2. A step cut in the high purity alumina which was used as a protective sheath on the 

thermocouple ceramic in the earlier works was replaced by a cylindrical alumina 
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encased partly in fired BN. This simplified the machining and reduced the possibility 

of mechanical failure of the thermocouple due to irregularities in the more brittle 

alumina. 

3. The bottom of the cone formed by the garnet couple was slightly rounded to further 

reduce the development of stress points. 

4. In the upper part of the pressure cell assembly, the soft fired pyrophyllite was 

replaced by crushable bisque-alumina, to allow for an early collapse of this material 

around the thermocouple ceramic. This was particularly critical for the lower pressure 

runs, because incomplete collapse of the filler medium during pressurization not only 

allowed room for the thermocouple to rattle and break, it also allowed passage of 

oxygen to the thermocouple tip during heating leading to embrittlement by oxidation 

and eventual failure of the W-Re thermocouple. 

5. The tip of the thermocouple ceramic was sawed with a fme diamond saw to form 

a notch in which the wires could be sunk such that when covered with alundum 

cement the tip had a flat cross-section devoid of sharp stress points. 

6. During quenching, it was attempted to hot unload the sample as slowly as possible 
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under a power control mode without melting the garnet. This helped prevent to a large 

extent the formation of brittle tensile fractures in the garnet couple and parting of 

interface during unloading. 

During this exercise the temperature was first quickly reduced to below 8oooe, 

below which there should be no perceptible diffusion in the given time scale, and then 

temperature and pressure were simultaneously decreased taking care to stay within the 

garnet stability field. Under the best possible circumstances the total quench procedure 

from 40 Kb, 13000C lasted about an hour. If the thermocouple broke during the 

unloading, the run was instantaneously quenched by shutting off the power, to avoid 

accidentally overstepping the stability field of garnet. The pressure was then released 

very slowly. 

Additional features of the design developed by Elphick et al. (1985) and used 

in the present work include use of a relatively thick furnace to minimize distortion and 

rupturing, which is required to prevent ingress and reaction of the bushing material. 

Also, extra care was necessary to maintain a chemically inert environment for the 

thermocouple junction to prevent poisoning of the thermocouple during the long 

duration of some high temperature runs. 
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Because of the combined thicknesses of ceramic, graphite and garnet, the final 

geometry placed the thennocouple junction 0.07" (1.8 nun) from the point of interest. 

This raises the problem of whether the recorded and the interface temperatures were 

identical because in this type of pressure cell assembly, there could be a considerable 

temperature gradient over a vertical distance of 0.07" (Cohen et al., 1967; Kushiro, 

1975). 

To eliminate thennal gradients, following Elphick et al. (1985), the center of 

the full furnace length was located midway between the thennocouple junction and the 

interface, on the usual assumption that the furnace hotspot lay at its central section. 

Further, a Mo or Ta ring 0.195" (-5.0 mm) high with 0.018" (0.46 nun) wall thickness, 

was placed in direct contact with the graphite capsule and the graphite furnace such 

that the central horizontal sections of the furnace and the ring coincide (Fig. II. 1 ). Such 

shorting of the furnace by the metal ring would flatten the furnace hot spot. Elphick 

et aI (1985) verified that the temperature gradient over the range of interest was never 

more than 5°C by using more than two thennocouples in dummy runs. Further, detailed 

analysis of diffusion profiles in this work reveals that there was no perceptible 

temperature gradient over the sample length, as discussed later. 

The metal ring also serves the additional purpose of protecting the 
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thennocouple junction and the couple interface from the effects of ingress of molten 

glass. The fracturing of the furnace walls, which led to large power fluctuations, 

distortion of temperature distributions and ingress of glass causing melting of garnet 

were minimized by making the furnace assembly slightly shorter than the insulating 

sleeve. The latter was prevented from collapsing radially underneath the furnace by a 

supporting steel ring, as suggested by Boettcher et al. (1981). 

Diffusion Couples 

Because the runs in this study were at lower temperatures compared to those 

of Elphick et al. (1985), the expected profile lengths were shorter. It was therefore 

more important to have a highly polished and flat interface in the diffusion couple to 

reduce 'noise' in the measured diffusion profiles. We found that conventional polishing 

techniques fail to yield a flat and a scratch free surface to the required degree at the 

same time. Thus, we had to explore various polishing techniques with the professional 

help of a lapidary specialist. It was found that while use of a hard platten (e.g. 

ceramic) gives a flat surface, it tends to leave more scratches on the surface. 

Conversely, soft platten (e.g. brass or zinc) tends to give smoother but more rounded 

smfaces, which are more difficult to match. The following sample preparation 

procedure was found to yield garnet diffusion couples that survived long duration runs 
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under extreme conditions of P and T with excellent mechanical integrity: 

1. Samples of gem quality garnet crystal were sectioned for visual clarity to yield the 

most continuous and inclusion free solid regions. 

2. Flat surfaces were ground on the samples using fine resin bonded diamond laps. 

3. A solid alumina lap was coated with a high molecular weight wax and a light 

coating of 1/4 micron diamond was sprayed on. With slow turning the garnet samples 

were carefully polished. 

4. Some samples that did not polish as well were repolished with a faster moving pure 

zinc lap coated with the same abrasive. These specimens were then briefly soaked in 

very dilute acid (10 molal Hcl) if necessary to dissolve metal residues and all samples 

were ultrasonically cleaned in distilled water. At this stage a colloidal silica polish 

applied to a stretched nylon fabric laminated on a flat ceramic lap was found to yield 

a better polish but was avoided for the risk of contaminating the surface with excess 

silica which is very difficult to remove. Such contamination is known to be detectable 

with a microprobe on oxide ceramic surfaces (Buehler Corpn., personal comm.). 
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5. Compositionally dissimilar garnet crystals were then glued together with low 

viscosity cyano-acrylic cement and a cross-sectional base was ground at approximately 

90 degrees to the plane of the coupling seam. 

6. The base was mounted with a thermosetting cement on a flat ended metal rod with 

the seam as closely centered as possible. In an indexing goniometer the dowel was 

spun and the couple ground into a 1/8 inch cylinder. The fixture was then indexed to 

45° and the couple was ground into a cone. 

7. All exposed surfaces at this stage were finished by spinning the samples against fine 

resin bonded diamond laps. Light polish on even the conical surfaces was considered 

necessary to reduce stress points that might develop due to irregularities on this 

surface. 

8. A 180 degree transfer of the sample was made onto another metal dowel with a 

cone shaped cavity at the end. The sample, indexed to 90 degrees was ground with a 

fine lap and a new flat base was polished following the above procedure producing 

somewhat sharp edge corners. 

9. Samples were then soaked in Nitromethane solvent and sonicated to remove 
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cyanoacrylic residues. 

10. Finally, the interface was cleaned using an alcohol based solvent, acetone, soapy 

water and deionized water at successive steps in an ultrasonic cleaner and the crystals 

were dried in an oven at -1200C overnight before assembly into the pressure cell 

setup. Microprobe analyses revealed no excess silica, alumina or zinc on the garnets 

thus prepared and the compositions of these garnets were identical to grains from the 

same batch that were analyzed without this preparation technique. 

The interface was always vertical during the diffusion anneals. As discussed 

above and verified below in the section on measurement of diffusion pronIes, there 

was no significant thermal gradient between the top and the bottom of the sample in 

these runs. 

Pressure and Temperature Measurement 

After the pressure cell is taken to the desired nominal run pressure (which is 

higher than, the desired run pressure to allow for friction correction) at room 

temperature, it is left overnight to allow the cell to relax. This had the added benefit 
. 

of better thermocouple stability, because subsequent movements in the pressure cell 
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and the hot-spot are hereby minimized. Usually the pressure would drop by about 1-3 

bars the next day and even more during heating, particularly around 800°C-900°C due 

to the melting of glass in the pressure cell assembly. Subsequently, the pressure would 

rise due to the thermal expansion of the cell as well as the hydraulic oil. The fmal 

nominal pressure is adjusted by bleeding! pumping as required, once the run 

temperature is attained. 

The pressure cells were wrapped with 0.002" thick lead foil and the inner wall 

of the pressure core was coated with hydrogen free "Molykote" (MoSJ lubricant to 

reduce friction at high pressure. The nominal pressure, measured on a 16 inch diameter 

Heise gauge, was corrected on the basis of previous calibration experiments on similar 

pressure cells (e.g. Ganguly and Kennedy, 1973; Mirwald et ale 1975). This correction 

amounts to the true pressure being 10% lower than the nominal pressure for Talc-glass 

cells. However, these calibrations were made for short run times and in the present 

study (also records from the earlier study by Elphick et ale in the same lab) it was 

found by monitoring the piston intrusion as a function of time that the friction 

continually decayed during the run duration for even the longest runs, suggesting that 

the friction correction employed above may be an overestimate. However, the 

uncertainty introduced by this would not materially affect any of the conclusions of 

this study. 
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The temperatures were measured by the relatively more stable W-3Re/W-25Re 

thermocouples encased in 4-holed 99.8% pure alumina ceramic tubing. The emf of the 

thermocouple is controlled by a Research, Inc. Model 640 Process Controller and is 

continuously monitored by a strip chart recorder and a digital voltmeter with a 

resolution of 0.01 mv. As discussed by Elphick et al. (1985), thermocouple poisoning 

and consequent decalibration was not a significant problem in these experiments. The 

power output to maintain a constant emf was continually monitored for each run and 

it was found that after the first day, during which the power increased steadily to 

maintain a constant emf, the power stabilized. This stable value of power required to 

produce a given emf for a given pressure cell assembly was found to be remarkably 

constant and reproducible to within a few watts. Thus, in some runs when the 

thermocouple failed, the run was continued in a power control mode. This resulted in 

greater uncertainty of the temperature, but often useful information could still be 

extracted from these runs. 

Retrieval of Diffusion Couple and Preparation for Microprobe Analysis 

The pressure assembly is pushed out from the pressure vessel directly into a 

fast setting epoxy held in a glass/plastic vial to prevent fragmentation of the brittle 

pressure cell material. On hardening, the entire cylinder is sawed perpendicular to the 
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length using a very fine (0.003" thickness) diamond saw. Successive sections are made, 

approaching the diffusion couple from its bottom (tapered) end, impregnating with 

epoxy as required to prevent disintegration of the assembly. 

Once the graphite container (see fig. n.t) is exposed the remaining material is 

removed by grinding on a 400 grit SiC grinding paper. At this stage, the newly 

exposed surfaces are frequently coated with a very low viscosity epoxy resin (either 

the EPOTEK resin from Geoscience resources or the EPOXIDE resin from Buehler. 

The viscosity of the former is stated to be 260 cps at 25 C) and a vacuum is pulled 

slowly using the commercially available vacuum impregnator from Buehler. This 

ensures that the air bubbles are ,extracted and the cracks are properly sealed with epoxy 

before removal of more material. Note that this step only ensures mechanical integrity 

of the sample during grinding and polishing. If the couples are separated during the 

run, then the gap between them becomes filled with epoxy which is readily seen in the 

microprobe (BSE, SE) and the couple may be discarded. Thus this impregnation 

procedure does not distort the observed compositional profiles in any way. 

Once the garnet is exposed during this repeated grinding/impregnation sequence 

it is impregnated once and reexposed by grinding on a finer (600 or 800) grit size. 

Finally, the surface is prepared for microprobe analysis using the TEXMET (a form 
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of nylon) polishing cloth from Buehler and 6J.lID, IJ.1.m and O.IJ.1.m diamond compounds 

in successive steps. The two coarser compounds are used in the form of a slurry in oil 

which are shaken before spraying while the fmest size compound is in the form of a 

suspension which is continually shaken and intermittently sprayed during polishing. At 

this stage also, an alumina compound (on METADI cloth, also from Buehler) is found 

to yield a better polish but this results in excess alumina on the surface and non

stoichiometric garnet analyses and was thus not used. An example of the quality of 

retrieved couples is illustrated in Fig. n.2. 

To analyze other surfaces of the garnet couple (the top and other interior 

sections of the diffusion couple) this procedure is repeated to expose and prepare the 

required surface. The part of the pressure cell from above the garnet couple were also 

sectioned for each run to ensure that the thermocouple junction was in place at its 

designated location and not displaced during the run. 

MEASUREMENT OF DIFFUSION PROFILES 

The experimentally induced diffusion proflles were measured using a 4-

spectrometer ARL-SEMQ microprobe. The electron beam current and accelerating 

voltage were 20 na and 15 KV. Typical counting times were 30s at each point for each 



Fig. D.2: Photograph of a retrieved diffusion couple (lOx) after sectioning the pressure 

cell and polishing for microprobe analysis. Note the smooth, fracture free crystal 

surface and perfect contact at the interface. Run conditions: 20 kb, 1200 °C for 7 days. 
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Photograph of a retrieved diffusion couple (lOx) 
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element. A few analyses with longer counting times of 60s did not improve results 

materially. The elements analyzed were Si, AI, Mn, Mg, Ca, Fe, Ti and Cr with the 

following standards: Kakanui pyrope for Mg, AI and Si; synthetic almandine for Fe; 

synthetic grossular for Ca; rhodonite for Mn; chromite for Cr and sphene for Ti. The 

smallest possible beam diameter was always used. However, it is to be noted that the 

sample volume from which excited X-rays were obtained is critical for spatial 

resolution rather than the beam diameter. This is further discussed below in the section 

dealing with convolution analysis. 

The garnets were initially probed for homogeneity away from the diffusion 

zone on both sides of the interface. Garnets from the same batch were extensively 

probed by Elphick et. al (1985) and tested for homogeneity and this criterion was used 

in selecting garnets for the diffusion anneals in the frrst place. This was repeated 

intermittently and at the end of each probe session to conflI1ll that there was no drift 

in the analytical conditions. 

Backscattered electron image and fluorescent X-ray image of the diffusion zone 

were observed under high magnification (-I000X) to select sites well removed from 

fractures and showing a straight diffusion zone (on this scale) as required by the 

boundary conditions of the equations used to retrieve the diffusion coefficients. In 
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some cases unexplained irregular diffusion fronts were observed. The enhanced 

diffusivity along fractures and cracks were clearly apparent in the enlarged diffusion 

zones in their vicinity in the backscatter images at this resolution. Care was taken to 

avoid such observable irregularities in taking analytical traverses. 

Once a direction was chosen for an analytical traverse, a complete spot analysis 

was collected on one side of the diffusion couple away from the interface There was 

no significant Cr or Ti in the garnets used in this study. Then the total counts for Fe, 

Mn, Mg and Ca were recorded simultaneously at 0.5 micron step intervals under the 

same analytical conditions across the diffusion zone taking care to cross the interface 

at an angle as close to 90 degrees as possible. At the other end of the diffusion zone 

and well removed from it another full analysis was obtained as before. 

In each of the full analyses the counting statistics and rate for both the peak 

and the background were recorded. The two spot analyses bracketed the compositional 

range of the profiles. These were used to calculate a proportionality coefficient 

between the background corrected counting rate and cation fraction as a function of 

counting rate by linear interpolation between the values of the spot analyses. The 

proportionality coefficient for each element for the counting rate at each point was 

calculated and used to reduce the data to cation fractions. 
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This method yielded acceptably stoichiometric analyses across the diffusion 

proflle. The absolute values of this stoichiometry were checked by a few complete 

analyses at intermediate points in diffusion proflles and were found to be the same as 

that obtained by the above procedure. The technique minimizes potential drift problems 

(mechanical, electronic or calibration) and distributes errors according to molar 

abundances (Loomis, 1978). The complete spot analyses were reduced by both Bence

Albee (Bence and Albee, 1968) and ZAF methods. The Bence-Albee results were used, 

but the ZAF results were always compared for consistency. 

Multiple (10-30) step-scanning traverses were made across each couple 

interface. In particular, each traverse was collected in pairs going in opposite directions 

by switching the starting and ending points. This was necessary to verify that there 

was no systematic drift due to backlash or slippage in the mechanical gears used to 

step the stage in the 0.5 micron increments. When the traverses in the two opposite 

directions yielded identical profiles, the analytical data was considered satisfactory. For 

the short profiles of the low temperature runs however, it was found that the slip in 

the mechanical gears caused significant distortion of the diffusion profiles. Further, the 

0.5 micron step size was too coarse for properly defining the profile shapes. 

To overcome the above problems an alternate approach of "beam scanning" was 
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used. In this case, the compositional profIle was analyzed by sweeping the beam across 

a fixed sample. This technique is stated to work for scanning lengths less than 50 

micron at l000X magnification, beyond which the deviation of the beam from the 

vertical becomes significant enough to cause problems in the analysis. The longest 

distances scanned using this technique were around 20 microns. An advantage with this 

technique is that the counts are cumulatively collected for each scan of the beam, 

allowing one to observe the smoothness of the raw count profile (which is 

demonstrably a function of the counting statistics) as it improves. This in tum allows 

one to count for the optimum required time to get good counting statistics. Counting 

for 30s at each point yielded optimum results, which was consistent with the finding 

from the step scanning method. 

One point of caution in using the beam scanning technique is that one must 

ensure that the scanning rate and time interval between successive sweeps of the beam 

is large enough to allow the counting data to be properly and completely transferred 

to the computer. Failure to ensure this results in spurious profiles with poor counting 

statistics or worse, missing data points in the elements stored later in the sequence. 

The results from the beam scanning technique were verified by comparing the 

profIles obtained by this technique with those from step scanning on the same sample. 
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Two samples with longer profiles - GD9 in this study and R40 from Elpbick et al. 

(1985) were used for this purpose. The diffusion coefficients obtained by fitting the 

two sets of profiles were identical in each case. 

The spacing of data points obtained by this technique were 0.33 microns as 

opposed to 0.5 microns by step scanning. Although this is less than the excitation 

volumes in both cases, the partial overlap in the excitation volumes of successive 

points helps to define the shape of the profile better. 

The run products were ground to expose successively new swfaces and all of 

the above procedure is repeated on each surface. For any run, at least two swfaces 

have been examined. In particular, the very top swface and a surface as close as 

possible to the bottom of the cone along with several others was examined for run# 

GD9. The retrieved diffusion coefficients from profiles from the different swfaces 

were essentially identical, supporting our earlier contention that any thennal gradient 

present in our sample assembly has no effect on the scale of measurement of the 

diffusion coefficients. 

In spite of the above precautions, the spatial averaging of the microprobe beam 

caused significant distortion of the short diffusion profiles obtained in this work 
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making corrections for this convolution effect necessary. To overcome this difficulty 

a mathematical formalism was developed that allows such corrections to be made. The 

details of this fOlmalism have already been published (Ganguly, Bhattacharya and 

Chakraborty, 1988) and only the salient results of this work will be summarized below. 

CONVOLUTION ANALYSIS 

The composition that is measured by the electron beam represents a weighted 

spatial average of the composition of the sample around the point of incidence of the 

beam. This convolution effect varies with the physics of the excitation process, sample 

characteristics and instrumental factors. The mathematical treatment of this effect 

developed by us (Ganguly et al. 1988) is applicable to any microbeam analytical 

technique, although we will concern ourselves only with the results pertaining to EMP 

analyses in this discussion. 

The effect of the spatial averaging on the analysis of a compositional proflle 

is illustrated schematically in figure n.3. This is a special case, in which the true 

compositional profile of an element is discontinuous at the interface between two 

grains, but each grain has a constant concentration of the element. However, the 

measured concentration proflle will be continuous owing to the spreading of the 
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electron beam and spatial averaging of compositions on both sides of the interface. 

For the purpose of the mathematical analysis we have assumed that the 

excitation intensity of the sample volume due to a normally incident electron beam has 

a Gaussian distribution with a radial symmetry about the beam axis. This assumption 

is in keeping with experimental observations and Monte Carlo simulations of the 

excitation process (see for example Goldstein and Yakowitz, 1975). The observed 

concentration (f(x» at any given point is then expressed by means of a standard 

convolution integral, where the true concentration (C(x» is convolved by this Gau".::ian 

distribution, which is the 'noise' in this analysis. The remainder of the analysis simply 

involved expressing the convolution integral as a summation and truncating higher 

order tenns beyond 3 or 4 times the standard deviation, because these describe the tail 

of a Gaussian distribution and are negligible for all practical purposes. Expanding the 

function C(x-y) in a Taylor series around x further allowed a physical understanding 

of the process. It showed that the convolution effect vanishes when the true profile has 

a constant slope and increases with an increase in the curvature of the true profile. 

For the special case that the concentration changes along one direction only (as 

in a diffusion couple experiment), the mathematical equations may be simplified and 

convolved profiles may be predicted for any true concentration profile provided the 



Fig. n.3: lllustration of convolution effect in microbe am analysis. Although the beam 

may be incident on one side of a sharp, vertical interface, the excited sample volume 

emitting X-rays may extend across it. The resulting smoothing of the compositional 

discontinuity at the interface as seen in a step scan is schematically illustrated in the 

bottom sketch. 
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standard deviation of the Gaussian intensity distribution, £, is known. From a practical 

point of view,. £ may be determined from the convolution effect on a discontinuous 

proflle (e.g. fig IT.3) in a control sample whose structural and chemical characteristics 

are similar to those of the sample of interest, if the control sample is analyzed under 

instrumental conditions identical to those used for measuring the diffusion pl'()flles. For 

corrections to the diffusion profiles measured in this work, £ was obtained by 

analyzing the extent of smoothing of discontinuous compositional profiles across a 

garnet - aluminum and a garnet (spessartine) - garnet (almandine) interface. The value 

of the parameter £ for the ARL-SEMQ machine was found to be 0.58 micron for 

garnet analyses. This value was insensitive to variations in beam conditions from 11-20 

KV and 10-50 na. The value of £ depends on the sample density (mean atomic 

weight), but it is expected that for ferromagnesian silicates its value would be the same 

for all practical purposes. 

To test the mathematical formulation the step profile across the garnet-garnet 

interface was numerically convolved and compared with the measured profile from the 

microprobe. The theoretical profile was found to replicate the measured profile exactly 

(fig. IT.4). Next a series of synthetic diffusion profiles were convolved to visualize the 

I 
magnitude of this effect. It was found that the convolution effect was significant for 

proflles shorter than .... 15 microns for £ = 0.58. The effect decreases with decreasing 



Fig. 11.4: Comparison of calculated and measured convolution effects. The true 

compositional profile is discontinous at the spessartine-almandine interface. The 

. predicted compositional profile due to convolution effect is shown by a smooth line 

and the compositions obtained by microprobe analyses are denoted by circles. 
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£, as expected from the physics of the process. The effect that convolution of the true 

profIle would have on the retrieved diffusion coefficients was obtained from these 

numerical simulations as well as from an independent analysis of the convolution 

process based on probability theory. Both approaches yield essentially the same result 

that the convolution effect disappears when the length of the diffusion profile is 20 

times the value of £ -- implying that in principle at least the spatial resolution is higher 

in samples with lower mean atomic mass (and hence lower E). Uncorrected convolved 

profIles would always yield higher diffusion coefficients than the true value. The 

extent by which the diffusion coefficient would be overestimated may be calculated 

exactly using the probabilistic approach and is illustrated as a function of the half

length of the diffusion profile in figure (II.5). 

RETRIEVAL OF TRACER DIFFUSION COEFFICIENTS FROM 

EXPERIMENTAL PROFILES 

The multicomponent diffusion profiles measured on the annealed diffusion 

couples were modeled to extract various diffusion parameters. The theoretical problem 

in trying to extract such data from the measured profiles may be summarized as 

follows. Even if it is assumed that the elements of the D matrix are independent of 



Fig. 11.5: Effect of convolution on retrieved diffusion coefficients. D is &he true -

diffusion coefficient, Dc is the the diffusion coefficient that would be obtained from 

a convolved profile; X is the width of the diffusion profile, (Ot)l12 and E is a parameter 

characteristic of the excitation process which is defined in the text. The points at IOE 

are marked by a dot on each curve. 
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composition, we require to obtain 9 independent diffusion coefficients (or elements of 

the D matrix) to completely describe the fluxes of all 3 independent components in the 

4 component experimental system. 

Mathematically, retrieval of 9 constants by fitting 4 concentration profIles is a 

possible but highly unstable situation which is very sensitive to any perturbation (e.g. 

propagation of the analytical uncertainties from a microprobe) to the data set. Further, 

because of the existence of relationships of the form 1.10 the assumption of constant 

diffusion coefficients made above is clearly not valid. This compositional dependence 

only become more complex on incorporating effects of non-ideal mixing in the solid 

solution (e.g. Lasaga, 1979). 

To overcome these difficulties and lack of constraints the typical approach in 

multicomponent diffusion experiments on glasses or metallic alloys has been to carry 

out mUltiple experiments. The experiments are performed on diffusion couples made 

up of well selected compositions such that the resulting profiles of all couples have 

one composition in common. In that case, for a 4 component system, at least 3 

diffusion experiments are required to properly constrain all the elements of the D 

matrix at one composition and p. T condition. 
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However, for diffusion studies on natural minerals, even if time and economic 

considerations permit, it is not possible to fmd gem quality crystals required to prepare 

the diffusion couples of all the suitable compositions. Thus, this technique is not useful 

for studying multicomponent diffusion in natural minerals. The alternative, therefore, 

is to place additional theoretical constraints on the system to make it more stable. This 

is achieved by utilizing the interdependence between the elements of the D matrix 

through their relationship with the tracer diffusion coefficients, as given by equations 

of the form 1.10. This is the approach pioneered by Loomis (1978b) and Loomis et. 

al. (1985) and adopted in this work. 

It has been assumed initially in this as well as the works cited above that the 

tracer diffusion coefficients are independent of composition over the compositional 

range spanned by a diffusion couple. This assumption deserves clarification. In 

principle it is possible for the tracer diffusion coefficient to be a function of 

composition (see Ch. I). However, the compositional dependence of the elements of 

the D matrix will always be larger because of relations like 1.10 and therefore it is a 

more reasonable and lenient approximation than assuming that the D matrix is 

constant, which is often made in the literature (e.g. Varshneya and Cooper, 1972; 

Lasaga, 1979). In any case, the assumption made in the present work is a testable one 

in that when the tracer diffusivities are functions of composition over the range of 
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interest, the resulting diffusion profiles are strongly asymmetric about the interface. 

In that event, each section of the profile has to be fit by a separate set of tracer 

diffusivities and the compositional dependence can actually be retrieved by thus 

relaxing the assumption made above (e.g. Loomis et al., 1985) .. 

The essential methodology involved in extracting diffusion coefficients from 

the experimental profiles constitutes solving eqn. 1.4 numerically using a finite 

difference technique and the steps outlined in eqns. 1.5 - 1.9 (also see Loomis et al., 

1985). The fmite difference algorithm is a standard explicit central differencing scheme 

(e.g. Crank, 1975). The eigenvalues and eigenvectors were calculated using the QR 

algorithm after the asymmetric D matrix is balanced and reduced to a Hessenberg form 

(e.g. Press et al., 1986). 

The elements of D matrix were calculated with Ca as the dependent variable 

and updated for initial trial input values of D*I at each grid point for every time step 

of the finite difference algorithm using eqn. 1.10. The D matrices were diagonalized 

and the diffusion profiles were calculated for the independent transformed components 

CI'. Once the solution was obtained at the end of the final time step for all grid points, 

the transformed components were reconvened to the real components as explained 

above for presentation of results. The process was repeated with new inputs of Dei 
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until a good match was obtained with measured proflles. 

In view of the small magnitudes of the diffusion coefficients and length scales 

in each time step, it is convenient to suitably scale these numbers for the purposes of 

computation whenever possible. When such scaling is not feasible, it is important to 

keep in mind that the sequence in which arithmetic operations are performed often 

becomes a factor of concern in writing these computer codes because of the possibility 

of numerical underflow and truncation errors even using double precision numbers. 

Using any available solution model for aluminosilicate garnets (e.g. Ganguly 

and Saxena, 1984) it is found that the garnet solid solutions are ideal or nearly so at 

the conditions of the experimental runs, so that relation ITI.lO for ideal solutions is 

adequate for calculating the D matrix. Later work suggest that the garnet solid 

solutions are probably more ideal than that described by Ganguly and Saxena (e.g. Lee 

and Ganguly, 1988). It is to be emphasized, however, that at metamorphic temperatures 

garnets may be quite non-ideal and such effects must be taken into account in the 

calculation of diffusion coefficients at these temperatures. 

The quality of fit of the simulated profiles was estimated visually. Experience 

with this type of graphical fitting suggests that the tracer diffusion coefficients should 
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be precise to within 20% of the values obtained assuming that the only errors present 

in the data are the statistical analytical errors visible as irregularities in the profiles. 

It was not possible to ci;l-\.'lge the D
a 

values by more than this amount in any case and 

obtain an equally good fit. Further, fitting the same proflle by different operators 

(including a class of graduate students uninitiated to the diffusion problem) and by the 

same operator at different times always yielded the same results within the errors 

stated above. 
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EXPERIMENTAL RESULTS AND FORMULATION OF EFFECTIVE 

BINARY DIFFUSION COEFFICIENTS (EBDC) 
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The experiments carried out in this work allow one to obtain the temperature 

and pressure dependencies of the tracer diffusivities of Fe, Mg and Mn in almandine

spessartine rich garnet solid solutions. A theoretical analysis of possible defect 

mechanisms constraints the dependence of diffusivity on f02 as well. Knowing the 

tracer diffusivities as functions of P, T and f02' one can calculate the entire D-matrix 

as a function of P, T, X and f02' It is possible to use the elements of the D-matrix to 

obtain effective binary diffusion coefficients that allow multicomponent diffusion 

problems to be treated as binary ones. 

RESULTS 

The results of numerical simulation of the experimentally induced diffusion 

proflles in spessartine-almandine couples are discussed below and tabulated in Table 

I. 
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TABLE - I 

P (kb) T ("C) time (hrs) O·Mn*EI4, O· *E14 Mg O·Fe*EI4, 

cm2/sec cm2/sec cm2/sec 

35.0 1200.00 164.5 12.5 ± 2.5 3.6 ± 0.3 4.2 ± 0.7 

20.6 1200.00 147.67 9.0 3.25 ± 3.25 ± 

0.35 0.25 

36.9 1150.0 191.5 2.25 ± 0.4 ± 0.1 0.46± 

0.75 0.14 

13.6 1100.00 211.5 9.5 ± 5.5 0.78 ± 1.02 ± 

0.28 0.37 

Fig. m.l illustrates an example of induced diffusion profile both before and after 

deconvolution along with the simulated fit to it. It was found, in agreement with 

Loomis et. a1 (1985), that the experimental profiles in these couples could be fit by 

simulated profiles calculated with the assumption that the tracer diffusivities were 

insensitive to compositional changes spanned by these couples. On the average it was 

found that O· Mn > O· Fe = O· Mg' O· Ca was relatively poorly constrained owing to the low 



Fig. ID.I: Numerical simulation of experimentally induced diffusion profiles in a 

multi component diffusion couple made from natural crystals of spessanine and 

almandine. The experimental conditions are P = 20 Kb, T = 1200°C, graphite capsule, 

147.67 hrs. The simulations are based on the following values of the tracer diffusion 

coefficients, which are assumed to be independent of composition: O*Mn = 0.9(10.13
), 

O·Fe = 3(H)"14), O*Mg = 2.9(10.14) and O·ea = 1.5(10.14) cm2/sec. 
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abundances and concentration gradients in the diffusion experiments. However, in 

general it was found to be smaller than D· Fe by about a factor of two. Both results are 

in agreement with conclusions from the high temperature data of Loomis et al. (1985). 

The data from this work have been combined with those of Loomis et al. 

(1985) to derive expressions for the tracer diffusion coefficients in spessartine-

almandine couples as functions of P and T by simultaneous regression of O*i values 

versus temperature and pressure. The compositional range (end-member compositions 

Sp: XFc =0.06, XMn == 0.94; AIm: XFc == 0.80, XMg == 0.19, Xc. ==0.01) of validity of 

these data is especially appropriate for the problem of relaxation of growth zoning in 

metapelitic garnets. The results are cast in the following form and summarized in table 

II. 

_ D exp(- Q + (P-l)L\V+) 
o --~R=T~-

- D exp( - Q(P» 
o RT 

(11/.1) 

where O·(P) is the tracer diffusion coefficient of a cation at pressure P (bars), Q is the 

enthalpy of activation or the so-called activation energy at 1 bar, and OV+ is the 

activation volume. The preexponential factor Do incorporates the entropy of activation. 

Eqn. (III.l) is obtained by incorporating the pressure dependence of diffusion 
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coefficient into the Arrhenius relation (see Ganguly and Saxena, 1987, p. 223), 

assuming that 0 V+ is independent of pressure. 

Table n 

Summary of tracer diffusion data of divalent cations in aluminosilicate garnet for 

f02 = graphite -02 buffer. (a): data obtained from spessartine-almandine diffusion 

couples (Loomis et aI., 1985: this work). (b): combination of D·Mg obtained in (a) 

with those of Cygan and Lasaga (1985). The uncertainties represent ± one standard 

deviation; P is in bars. 

CATION Do, cm2Jsec Q(P), cal/mol !l V+, cm3 fmol 

Mn2+(a) 5.15 (10-4) 60,569 + 0.1463P 6.04 ± 2.93 

± 8,889 

Fe2+(a) 6.36 (10-4) 65,824 + 0.1363P 5.63 ± 2.87 

±8,721 

Mg2+(a) 1.11 (10.3) 67,997 + 0.1276P 5.27 ± 2.96 

± 8,973 

Mg2+(b) 2.79 (10-4) 65,457 + 0.078P 3.22 ± 2.49 

± 6,744 



Fig. m.2: Combined Arrhenius plot of D
a 

data as a function of temperature from 

Loomis et al. (1985) and this work, all normalized to a pressure of 40 kb. Also shown 

are the activation energies for Mn (61.2 kcal) and Mg (69.1 kcal). Activation energy 

for Fe is very similar to that of Mg. 
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Fig. nI.3: Combined plot of D· data as a function of pressure from Loomis et aI. 

(1985) and this work, all normalized to a temperature of 1200 °C. Also shown are the 

activation volumes for Mn (6.04 cm3/mol), Fe (5.63 cm3/mol) and Mg (5.27 cm3/mol). 
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The combined experimental data of Loomis et al. (1985) and this work for Dei' 

all normalized to P = 40 Kb, are illustrated in Fig. m.2 in terms of a conventional 

Arrhenius plot. Fig. m.3 illustrates the pressure dependence by plotting the tracer 

diffusivities against pressure at a normalized temperature of 12()(f C. We have also 

derived diffusion parameters for Mg at f02 - graphite- O2 buffer by combining the data 

of Cygan and Lasaga (1985) at f02 =. Fez03 - F~04 buffer with those from our 

laboratory. The results are shown in table IT (see below for the method of correction 

for f02 effect). These are the first available values of activation volume for tracer 

diffusion in solid silicates. 

Multicomponent diffusion matrices may be calculated using the tracer diffusion 

data for garnets of any composition using eqn. 110, as long as the composition of the 

garnet is within the range of validity of the tracer diffusion data. An example of such 

a matrix is provided in Appendix Ill. A significant fact to be noted here is the 

magnitude of the cross terms, which often overwhelms even the magnitude of the main 

diagonal terms, depending on the choice of the dependent component. The strong cross 

terms are a general property of diffusion matrices in multicomponent garnet, 

irrespective of their compositions. This simply reflects the fact that the flux of any 

component in an ionic solid is strongly correlated with the flux of the other 

components, as expected. Although implied in the results of Loomis et al. (1985), this 

is the first time that this strong cross coupling of diffusion in ionic solids has been 
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explicitly demonstrated. 

Discussion and Implications of Activation Energy and Volume Results 

Activation energies and volumes of diffusion are useful parameters for two 

reasons. From a theoretical point of view, they allow an understanding of the 

fundamental atomistic mechanisms underlying the bulk diffusion of matter. From a 

more practical standpoint, these quantities permit interpolation within and extrapolation 

beyond the range of experimental measurements in p. T space, which is often necessary 

for geological calculations. 

Of particular concern in calculations outside the range of experimental 

measurement are the effects of a change of mechanism from extrinsic to intrinsic. 

Lattice diffusion in silicates is expected to be dominantly by the vacancy mechanism, 

which is by far the most general and important of all diffusion mechanisms in 

crystalline solids. As the name indicates, bulk diffusion occurs as a consequence of the 

atomic diffusive jumps involving the exchange of an atom in a lattice site with an 

adjacent vacancy in the same lattice (or sublattice). At any given temperature, there 

is always a finite amount of such vacancy point defects in equilibrium with the lattice. 

These defects, which are purely temperature controlled and thermally generated, are 
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termed intrinsic defects. In addition, there is often (always in natural systems) a second 

kind of vacancy point defect -- that due to impurities in the lattice sites which is not 

directly dependent on temperature (indirectly the amount of impurity may be controlled 

by temperature). This second kind of defects are termed extrinsic defects, an example 

of which may be the occurrence of a Fe+3 ion at the normal site of a Fe+2 ion in a 

crystal. 

Depending on which of these two kinds of defects control the diffusion process 

the diffusion mechanism is described as intrinsic or extrinsic. It should be apparent that 

at low temperatures and high impurity concentrations the diffusion should be by an 

extrinsic mechanism, whereas at high temperatures and high purity the mechanism 

should be intrinsic. In the intrinsic region the measured activation enthalpy is the sum 

of the enthalpies of formation and migration of the defect. On the other hand, in the 

extrinsic region the observed enthalpy is simply the enthalpy of migration of the 

defect. Thus in an Arrhenius plot the change of diffusion mechanism shows up as a 

discontinuity in the slope. The higher temperature, intrinsic region yields a higher 

'activation energy' (steeper slope) than the lower temperature, extrinsic region. The 

difference between these two 'activation energies' (which are activation enthalpies, 

strictly speaking) then gives the enthalpy of formation of the point defects. 

In view of the necessity of extrapolating the experimental diffusion data to 
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lower temperatures for geological applications it is critical to assess if there could be 

a change of diffusion mechanism within the extrapolated temperature mnge. This in 

turn necessitates at least a semi-quantitative knowledge of the formation and migration 

energies associated with point defects in ionic silicates. Unfortunately, almost no data 

exists in this regard. However, some preliminary calculations indicate that for 

moderately refractory compounds (Borg and Dienes, 1988), in order for diffusion to 

be purely intrinsic the crystal should be pure on at least a ppm level. This is 

impossible for any natural crystal. 

Measurements and calculations on oxides (MgO in particular) further indicate 

that the energy required to form a point defect in a lattice is so high that intrinsic 

diffusion is unlikely to be observed in them at temperatures below melting. A review 

of all existing diffusion data indicates that most of them are consistent with an 

extrinsic diffusion mechanism (Wuensch, 1982). The calculated energies of defect 

formation are on the order of -50 kcal or higher. If defect formation energies in garnet 

are similar, then the observed activation energies of 60-70 kcal are unlikely to 

represent the sum of such a defect formation energy and a migration energy. 

Recently, Catlow (1987) has calculated the formation energies for various kinds 

of point defects in pure forsterite. The most favorable ones for diffusion are Schottky 

or Frenkel defects, for which the calculated energies are of the order of 120 kcal which 
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implies a formation energy contribution of about 60 Kcal to the activation energy of 

diffusion (= half the energy of fonnation of the defect, see West. 1984. p.325). This 

value is already higher than the measured activation energies in forsterite for Mg+2 

diffusion even without the addition of a migration energy term. This is consistent with 

. the idea that most measured diffusion coefficients on silicates are in the extrinsic 

region. 

The pressure dependence of diffusion may be discussed through the following 

formalism. If the pressure dependence of the preexponential terms are neglected, then 

the diffusion coefficient may be expressed as 

where 

p 

1nD(P) - InD(P J - _1 fA Y+dP 
RTp, 

o 

/:,. Y+ - A Y+ + /:,. Y+ I II 

(111.2) 

(111.3) 
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if all quantities in eqn. m.3 are assumed to be independent of P in the interval P to 

Po. Here AY+r is the volume change associated with the fonnation of vacancy and AY+ m 

is the volume change associated with the migration of an atom or ion from an 

equilibrium position to a saddle point (the activated state). 

In metals the activation volume of fonnation of a defect is found to be 

approximately half of an atomic volume. A crude empirical explanation is that the 

formation of a vacancy corresponds to removal of an atom from a lattice site to the 

surface (+ 1 atomic volume) followed by a relaxational collapse of the surrounding 

atoms by about half the atomic volume (- 1/2 atomic volume) resulting in the 

activation volume of fonnation of a defect being about 1/2 an atomic volume. 

The situation for ionic solids is somewhat different. Removal of an ion from 

a lattice site has the same effect as placing a virtual charge of opposite sign but same 

magnitude at that site. Consequently, the surrounding lattice in the immediate 

neighborhood experiences a repulsion and expands, rather than collapse about the 

vacancy. How this local dilation affects the macroscopic volume however depends on 

the effect of this virtual charge on next nearest and more distant neighbors as well (in 

other words, on how the volume change is propagated through the lattice). 
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These more distant neighbors experience the presence of the virtual charge 

through the electronic shield due to the electrons of the nearest neighbors and thus the 

forces here are described by Friedel oscillations rather than simple coulombic 

interactions. As a result, they may dilate or collapse, depending on a number of factors 

(for more details see Haasen, 1978; Blandin,1965; Friedel, 1956). The effects of this 

next nearest neighbors are found to be of only secondary importance in magnitude. 

Thus, for ionic crystals, the activation volume of formation of a point defect should 

be on the order of at least one atomic volume (assuming that the Friedel forces cancel 

the effects of dilation of the nearest neighbors) or higher. 

The physical significance of the migration term is more elusive. But in metals 

and oxides the magnitude of this quantity has been found to be of the order of 0.1 -

0.2 atomic volume of the diffusing atom (e.g. Philibert, 1986; Borg and Dienes, 1988). 

If it is assumed that the magnitude is similar for ionic solids, then the following 

observations may be made. For diffusion in the intrinsic region involving the formation 

and migration of a defect the measured activation volume should be of the order of 

1.1-1.2 atomic volume (1 atonnc volume due to formation + 0.1-0.2 atonnc volume 

due to migration) of the diffusing unit. On the other hand, for diffusion by the extrinsic 

mechanism, the measured activation volume would only be that due to migration and 

should therefore be of the order of 0.1-0.2 atomic volume of the diffusing unit In 

other words, if the observed activation volumes from the pressure dependence is much 
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smaller than one atomic volume of the diffusing unit then the mechanism is likely to 

be extrinsic, whereas for activation volumes similar in magnitude to or larger than the 

volume of the diffusing unit the mechanism is likely to be intrinsic. 

Further, one must note that because of charge balance constraints, more than 

one divalent cation must be removed (Le. a cation and an anion or three divalent 

cations compensated by two trivalent cations, see effect of f02 below) for creation of 

a vacancy in an ionic solid like garnet. In the present case, the observed activation 

volumes of 3-6 cc/mol are of the same order as the corresponding atomic volumes of 

the dodecahedral cations (- 2.5 cc/mol per cation). Considering that more than one 

such cationic volume has to be involved with the creation of a suitable vacancy, the 

evidence from the activation volume data is equivocal and could be consistent with 

either the extrinsic or the intrinsic diffusion mechanism depending on the exact nature 

of the mechanism. However, it is worth noting that the observed activation volumes 

are consistent in relative (higher for larger cations) and absolute magnitude with that 

expected from this somewhat crude and preliminary consideration of the atomistic 

basis of diffusion. 
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THE EFFECT OF 102 ON CATION DIFFUSION IN GARNET 

THEORETICAL BASIS AND NORMALIZATION OF OBSERVED DIFFUSION 

DATA 

In considering the problem of cation diffusion in silicates, Lasaga (1979) has 

concluded that vacancy controlled cation diffusion 'is probably typical of most 

silicates'. The dependence of vacancy concentration on oxygen fugacity may be 

calculated for crystals consisting of FeO according to the following homogeneous 

equilibrium between Fe+z and Fe+3 

2Fe+z + 1/20z --> 2Fe+3 + VFc+Z + O·z (IlI.4) 

Let XFc+3' XFc+z, and Xy,Fc be respectively the mole fraction of cation sites occupied by 

Fe+3, Fe+2 and a doubly ionized Fe vacancy while Xo.z is the fraction of oxygen sites 

occupied by oxygen (assumed - 1). It may be shown that (e.g. Buening and Buseck, 

1973) 

(llI.S) 

or 

(llI.6) 

where K denotes the equilibrium constant for reaction ID.4. Thus the equilibrium 

concentration of doubly ionized Fe ion vacancies is approximately proportional to 

fOZ1/6. Now, it can be shown (lost, 1960) that a diffusion coefficient is given by an 

equation of the form 
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a'2v I!Jz 
D - ::...:....x exp( ---..!!) (111.7) 

3" RT 

where a is the interatomic distance travelled in a jump, 'Xv is the site fraction of 

vacancies, v is a vibrational frequency which is sometimes set to the Einstein 

frequency of a crystal or some fraction of the Debye frequency (e.g. Flynn, 1972) and 

~~ is the energy barrier to go from a filled site to a neighboring vacant site. 

Thus, (111.6) and (111.7) imply that if migration into the doubly ionized Fe 

vacancies provides the principal means for diffusion, then f02 will affect the diffusivity 

of an ion according to the relation 

10gD(P,T,fo~ = logD(p,T,fo2') + 1/6(logfo:Jf02'). (III. 8) 

Note that even if the principal mechanism of diffusion is intrinsic, the f02 dependence 

may be due to the dependence of the concentration of the extrinsic Fe+3 ions in the 

lattice. This relationship has been stated and experimentally verified for cation 

diffusion in olivine. Buening and Buseck (1973) found this to be valid for Fe-Mg 

interdiffusion in Mg - rich olivine, Jurewicz and Watson (1988) found this to be 

approximately true for the tracer diffusion of a number of cations in Fe-Mg olivines. 
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The foz dependence of diffusivity predicted by such an analysis has also been 

found to be valid for Fe tracer diffusion in Wustite (Hembree and Wagner, 1969), 

hematite (Chang and Wagner, 1972) and magnetite (Dieckmann and Schmalzreid, 

1975). Note that the predicted dependence is different in each of these cases and 

depends on the stoichiometry of the defect fonning reaction, which are widely 

different. It should also be apparent that crystal structure plays no role in this analysis 

and the process is controlled solely by the chemistry. 

Thus, it is reasonable to expect that the predicted dependence of diffusivity on 

oxygen fugacity from the above analysis would be valid for garnets that have a 

significant FeO (and negligible Fe+3
) concentration. 

We have used relation m.8 to normalize the D·Mg data of Cygan and Lasaga 

(1985) to the foz conditions defined by graphite-Oz buffer. Fig rn.4 shows the log Foz 

vs. T relation of graphite-Oz equilibrium at 40 Kb (dashed line), which is calculated 

using the thermochemical data of Robie et al. (1979) and Saxena and Fei (1987), along 

with a summary of various solid FO:z buffers and graphite-02 and graphite-H-O (HIO 

= 2/1) equilibria at 2 Kb. 

Recently Hirsch and Shankland (1989; also pers. communication) have found 

that the f02 dependence of point defects in olivine could change depending on FeO 



Fig. ID.4: Temperature dependence of Oxygen fugacity of standard buffer reactions 

along with those of the graphite-oxygen buffer. 
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concentration, foz and temperature. However, for the range of composition and 

conditions encompassed by the experimental data for garnet, eqn. (llI.8) is not 

inconsistent with the preliminary results of Hirsch and Shankland. They have found 

this relation to be valid for olivine with 10 mol% fayalite, i'oz in the magnetite field, 

and temperature between 1200 and 16OO"C. Eqn (llI.8) could also be applied to the 

diffusion data summarized in table 2 for application to natural garnets which have 

equilibrated at foz conditions significantly more oxidizing than those of graphite-Oz 

buffer. 

Normalization of Experimental Data 

The combined experimental data of Loomis et al. (1985), this work and Cygan 

and Lasaga (1985) for D
e

Mg, all nonnalized to P = 10 Kb and foz defined by graphite

Oz buffer, are illustrated in Fig. llL5 in tenns of a conventional Arrhenius plot. Also 

shown for comparison are the raw data of Cygan and Lasaga that have been obtained 

at 2 Kb, foz =H-M buffer, alongwith their regression line which yields Q = 57.1 ± 3.8 

Kcallmol. This value is significantly lower than that obtained from the high 

temperature dataset (Q = 68.2 ± 9.0 Kcal at 2 Kb). However, as illustrated in Fig. 

rn.4, the extrapolation of the logO-Mg vs Iff relation fitted to the high temperature data 

(1100 -14800C) is in excellent agreement with the D-Ms values determined by Cygan 

and Lasaga at 750 -9000C, when the latter are corrected for the effects of pressure and 



Fig. 111.5: Arrhenius plot of D
a

Mg in garnet detennined experimentally (circles and 

squares). Also shown for comparison are the diffusion coefficients derived from natural 

data by Loomis (1978: vertical bar) and Lasaga et aI. (1977: cross). See text for further 

discussions. Solid heavy line represents the least square fit to the data collected in our 

laboratory, all normalized to 10 Kb, with f02 =: C-02 buffer. The extrapolation of this 

fit is shown by broken line. The raw data of Cygan and Lasaga (1985: open circles) 

are for P = 2 Kb and f02 =: HM buffer. The solid squares represent the same data 

normalized to P = 10 Kb, f02 = C-02 buffer. 
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f02. This is also true when all data are normalized to a constant f02. Thus, a change of 

diffusion mechanism seems unlikely for cation diffusion in garnet within the 

temperature range of 750 -14800C. Even if there is a change of mechanism, its effect 

on diffusion coefficient is insignificant within the above temperature range. It is quite 

possible that the lower activation energy obtained by Cygan and Lasaga (1985) is an 

artifact of the limited temperature span of their dataset and consequent influence of the 

lowest temperature datum on the least square fit1
• This emphasizes the perils of 

derivation of activation energies from limited datasets, even when the data points 

themselves are results of good experimental work. 

The f02 defmed by graphite-02 buffer changes as a function of P and T. Thus 

the P-T dependence of D* obtained from the diffusion parameters in table 1 implicitly 

incorporates the effect of changing f02 along the graphite-02 buffer. The F~ of this 

buffer, however, is not sufficiently sensitive to pressure to have significant effect on 

the derived value of IlV+. On the otherhand, the activation energy for tracer diffusion 

of Mg reduces to .... 59 kcallmol when the D· values are normalized to a constant f02. 

Thus the true activation energies of the tracer diffusion coefficients of divalent cations 

are about 9 Kcallmol lower than the Q values listed in table 2. 

1 Loomis et al. (1985) also obtained activation energies of the tracer diffusion 
coefficients which are somewhat lower than those given in table 2. We interpret these 
discrepancies to be due to smaller number of data, covering a relatively limited 
temperature span, regressed by Loomis et a1. 
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FORMULATION OF EFFECTIVE BINARY DIFFUSION COEFFICIENTS 

(EBDC) FOR MULTICOMPONENT DIFFUSION PROBLEMS 

In this approach, which was first considered by Hougen and Watson (1947) and 

discussed critically by Cooper (1968), a diffusing species is treated as a solute and the 

rest of the solution is considered to be a solvent, as if the solution consists of a binary 

mixture. Thus the flux of a component is described by only one diffusion coefficient, 

which is often called the effective binary diffusion coefficient (EBDC, or D1(EB) of 

the component, and its concentration gradient The identity of EBDC of a component 

1 in an n-component system can be easily derived by transforming its expression of 

flux in the multicomponent system (eqn. 1.1) to the following form by the application 

of chain rule. 

(III.9) 

If 

11-1 ac. 
~ D J == constant 
.(..., i.J s:.C 
J-l U 1 

(III. 10) 
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in a given analysis, then one can defme an EBDC for the component 1 as 

(111.11) 

so that 

(111.12) 

The elements of the D matrix, i.e. Du, Dl2 etc., can be calculated from the tracer 

diffusion data (eqn. 1.10) 

Eqn. (llI.12) has the familiar fonn of Fick's law when the flux of only one 

component is independent. However, unlike a strictly binary system in which the 

fluxes of both components can be described by only one inter-diffusion coefficient, it 

may be necessary to use a separate EBDC to describe the flux of each component in 

a multicomponent solution. Condition (III. 10) is obviously satisfied when all 8q18C1 

terms remain constant; even otherwise it may approximately hold due to self 



82 

cancellation or negligible magnitudes of the changes of D jj(8q,t8C1) terms in a given 

process. 

Experimental verification of the EBDC formulation 

In order to illustrate the validity of the above approach of treating 

multi component system in terms of the formalism of the binary system and the EBDC, 

let us consider the results of garnet-garnet diffusion couple experiments from Elphick 

et al. (1985), Loomis et al. (1985) and this work. Cooper (1968) has shown that in the 

case of such experiments in which the compositions at the ends remain fixed and no 

uphill diffusion occurs, the compositional gradients appearing in the expression of 

EBDC (eqn. ITI. i 1) remain constant. Thus, the compositional profiles in a diffusion 

couple experiment with extended initial distribution can be modelled in terms ofEBDC 

as if it is a binary system. 

We recall that the diffusion profiles obtained in the above experiments were 

highly asymmetric suggesting significant compositional dependence of the diffusion 

coefficients. However, the tracer diffusivities were found to be independent of 

composition over this composition range. Thus, using eqns. (1.10) and (ITI.ll) one can 

calculate the EBDC for any composition along the profile. An example of such a 

calculation for a composition at approximately the midpoint of a profile on one side 
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of an experimental couple is given in appendix IV. We have assumed here and 

elsewhere in this work that D-Ca = 0.5D-Fe on the basis of the data from Loomis et ale 

(1985) on an almandine-pyrope couple. However, because of the possibility that the 

above condition may not be exactly satisfied in the aImandine-spessartine couples and 

at different temperatures, we have repeated all calculations using D-ea = D-Fe and D-ea 

= O.lD-Fe• These ranges of D-ea are found to have no significant effect on the 

calculated EBDC's for any sample examined in this work, in all of which Ca is a very 

dilute component. The relative diffusivities adopted in this work are in qualitative 

agreement with those found in olivine, in which the diffusivity of Ca is about two 

orders of magnitude slower than that of Fe+2
• 

Let x be the distance coordinate, taken to be zero at the interface of a diffusion 

couple, C(x,t) the concentration of a component at a distance x and time t, and C1 and 

c; are the initial concentrations of the component at x ~ 0 and x < 0, respectively. If 

the diffusion process can be described by only one diffusion coefficient which is 

independent of X (Le. aC/at = D a2crox2) then the solution to the diffusion equation 

is given by (Crank, 1975) 

(m.13) 
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Assuming that their garnets behave as a quasi-binary solid solution so that there 

is effectively only one diffusion coefficient, Elphick et aI. (1985) used the above 

relation to fit their experimental profiles. They succeeded (Fig. m.6) in fitting all 

proflIes with an effective inter-diffusion coefficient (EIC) over a limited compositional 

range. In general, two such D values were necessary to fit the proflIes over the entire 

compositional range of a diffusion couple. For their experimental proflIes as well as 

the ones obtained in this work, we have calculated DI(EB) from tracer diffusion data 

according to eqn. m.ll at the median of the concentration range fitted by an EIC. It 

is found that at a given composition, Di(EB) is essentially the same for each 

component (Fe. Mn, Mg) and is very similar to the EIC of Elphick et aI. (1985). This 

similarity of EBDC of the different components explains the success of Elphick et aI. 

(1985) in treating multicomponent diffusion over a limited compositional range in 

terms of the formalism of binary diffusion in which there is only one diffusion 

coefficient. The close agreement between the measured EIC values of Elphick et aI. 

(1985) and the EBDC's calculated from the tracer data of Loomis et aI. (1985) for the 

same set of experimental data serves to underscore the internal consistency of their 

works. 

Finally, an important conclusion to be made from this anaiysis is that for 



Fig. m.6: Use of effective binary diffusion coefficient to simulate multicomponent 

experimental diffusion prof'lles. Note the compositional dependence of EBDC apparent 

from the difference of values of EBDC required to fit the compositions at the two ends 

of the diffusion couple. 
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certain boundary conditions it is always possible to reduce a multicomponent diffusion 

problem to an effective binary one. However, this in no way implies that the 

multicomponent coupling effects are negligible, as often erroneously assumed. As 

clearly demonstrated here, even when there is extremely strong cross-coupling of 

diffusive fluxes, it might still be possible to reduce the problem to an effective binary 

one. The reduction to an effective binary fonn is simply a consequence of the 

mathematical fonn of the phenomenological description of diffusion and is totally 

unrelated to the physics of the process (excepting in the special case of uphill 

diffusion). 

Properties of Effective Binary Diffusion Coefficient 

FIrst of all, as pointed out by Cooper (1968), the mathematical simplicity of the 

concept of EBDC is gained at the expense of generality. The EBDC's are not only 

strong functions of composition and thus valid over very limited compositional ranges, 

they are also functions of relative compositional gradients. This severely limits their 

portability in calculating diffusive fluxes under conditions which are even marginally 

removed from the experimental ones. An alternative approach is to calculate the 

EBDC for each situation (where the conditions for their applicability given by eqn. 

m.lo are valid) from the tracer diffusivities as illustrated above. Since the tracer 

diffusivities are at least much weaker functions of composition, this approach allows 
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one the flexibility of perfonning calculations over a wide range of compositions and 

composition gradients while at the same time the convenience of dealing with a single 

diffusion coefficient (instead of a matrix) is not lost 

It is important to recall that unlike a true binary system which has a single 

interdiffusion coefficient, the flux of each independent component in a multicomponent 

system is described by a separate EBDC in the most general case. 

Further, we have observed that the tracer diffusion coefficients of different 

cations in the same system are characterized by different activation energies i.e. 

temperature and pressure dependencies. It follows from this that the elements of the 

D matrix which are non-linear combinations of these tracer diffusivities may not be 

characterized by any unique activation energy or activation volume. In other words, 

they may be non-arrhenian. Thus there is no theoretical basis for the extrapolation of 

the D jj elements to different temperatures or pressures, nor are they amenable to direct 

treatment in terms of theories of rate processes. 

In as much as EBDC's are essentially linear combinations of these Dlj elements 

in any specific case, the same restrictions apply to them as well. The departure from 

arrhenian behavior is a consequence of the difference in activation energies of the 

different cations and the extent of this departure is in proportion to this difference. 
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Thus, because of the restricted spectrum of values for the activation energies (all 

within 10 Kcal of each other at 40 Kb) the extent of non-arrhenian behavior may not 

be very pronounced and it might be possible to fit experimental measurements of 

EBDC by a linear relation over a limited temperature range (e.g. Elphick et al., 1985). 

Note, however, that this fit is merely a statistical coincidence and does not constitute 

a theoretical basis for extrapolation of data. This is clearly an important consideration 

when extrapolations are to be made over long ranges of temperature and pressure. 

Effective Binary Model for the calculation of Thermodynamic Effect on Diffusion 

Lasaga (1979) has presented a detailed fonnulation to incorporate the 

mUlticomponent thennodynamic effect in the calculation of the Djj elements which 

enter into the calculation of the EBDC's. However, as we are concerned here with 

simplifying the multicomponent diffusion problem to an effective binary one, we can 

incorporate the thennodynamic effect as an approximation in the same spirit. 

Fol1owing the fonnalism of binary diffusion in a non-ideal system we then write 

D1(EB) = [Dj(EB)ide&J].[Dl(EB)Ihmno] (llI.14) 

where Dj(EB)ide&J may be calculated using eqns. (1.10) and (m.ll). In a binary solution 

D11hmno is given by (Darken, 1948; Manning, 1968) 
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tMrmo ~lny, 
D, - 1+-

~lnx, 
(HI. IS) 

where r. is the activity coefficient of the component i. Thus D,dJermo is unity for ideal 

solution. For the simplest form of non-ideal behavior, which is given by the 'Simple 

mixture' model (Guggenheim, 1967), we have for a binary solution RTlnr. = WIj(1 -

X,)2, where WIj is an adjustable parameter reflecting the non-ideal interactions between 

the two components. Consequently, for a binary 'Simple Mixture', 

thmno 1- 2 W,,[X,(1-X,)] 
D, - RT (111.16) 

For the case of multicomponent garnet solid solution, we adopt the form of 

eqn.(III.15) with W'j replaced by an effective binary parameter which represents the 

weighted average of the binary interactions between the solute i and the various 

components in the solvent 

(111.17) 

where Xj is the atomic fraction of the species j in the solvent. 

We have explored the effect of incorporating the thermodynamic factor into the 

calculations of diffusion coefficient for a number of garnets of compositions commonly 
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found in low to medium grade metapelitic rocks. It is found that DMo Ihamo > 0.9 and 

DFo Ihamo > 0.6 at 600° C and for a given garnet DMo Ihermo > DFo Ihermo. For the garnet -

garnet couples of the experimental runs of Elphick et al. (1985) and this study, 

DMo Ihamo = 0.93 and DFo Ihamo = 0.46 at 6OQO C for the average Mn and Fe rich 

compositions fitted by D(Mn) and D(Fe), respectively. In these calculations, the WIJ 

parameters are taken from Ganguly and Saxena (1984). The asymmetric binaries 

approximated by a symmetric model at the relative concentrations of the components 

of interest using a weighted average of the binary Margules or Subregular parameters 

as follows (Ganguly and Saxena, 1984) 

(111.18) 

where X stands for the partial atomic fraction of the specified component and W-s are 

the Margules parameters in the i-j join. 

EBDC in natural pelitic garnets 

U sing the published data on the compositional wning in metapelitic garnets 

formed during both prograde and retrograde cycles and the formulation developed 

above, we have calculated the EBDC's of Fe, Mn and Mg at selected compositions on 

each profile on a number of samples. The compositions chosen are usually the 
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extremes and a few intermediate compositions on a proflle. These results have been 

compared with tracer diffusion coefficients of Fe, Mg and Mn and the main diagonal 

terms of the diffusion coefficient matrix. An example is shown in fig. ID.7. 

Examination of the data for each sample leads to the following observations about the 

properties of EBOC in common metapelitic garnets which show compositional zoning. 

In common metapelites EBOC(Mn) is always found to be greater than 

EBOC(Fe) and EBOC(Mg). EBOC(Fe) and EBOC(Mn) are often similar in magnitude. 

Further, EBOC(Mn) = 0MnMn. This property may be explained as follows. From 

available microprobe step scans (e.g. Fig. N.1) and numerical simulations (Loomis, 

1987) of growth zoning of garnets in average metapelites, we find that 

("1.19) 

If O-j = O-t, then from eqn. 1.10 Oij = 0lk. Thus, since O-Mg :: O-Fc' we have 0MnMg:: 

0MnFc. Consequently, from eqn. m.11 
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(111.20) 

Writing DMnMn and DMnMg in terms of tracer diffusivities according to eqn. 1.10, and 

rearranging tenns, we have 

where K = xFeo· Fe + XMnD* Mn + XMP· Mg + Xc.D· Ca' But since D* Mn is at least an order 

of magnitude larger than the other tracer diffusivities at the P-T conditions of 

metamorphism, the quantity within square brackets approximately equals (0* Mn - D· cJ. 

Thus, 

X n· 
D (E'D\ D· Mti"" IIflCD· - D· \ 

Un ~J - Mn - K 1411 CG' (111.22) 
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The right hand quantity is the same as DMnMn, according to eqn. 1.10. This makes 

modeling of the Mn profile particularly simple using the EBDC formulation, as the 

complicating effects of dependence on composition gradient are thus essentially 

avoided. 

In a given set of growth zoning profiles, the EBDC of a component always 

increases from core to rim as a result of the increase of the most abundant component, 

Fe, from core to rim. The extent of this increase varies from a factor of three to twelve 

depending on the sample. This spatial dependence of the diffusion coefficient in zoned 

natural garnets poses a problem for practical calculations of diffusion flux. The 

problem may be overcome by defining a volume averaged EBDC. Such volume 

averaging is a standard technique for dealing with compositional or spatial dependence 

of transport coefficients (e.g. Crank, 1975; Press et al, 1986) and has been specifically 

formulated and shown to be effective for dispersion in a aqueous fluid present in a 

porous media (Tompson, 1986). 

In the case of diffusion coefficients, such averaging is carried out over the 

reciprocal of the diffusion coefficient rather than the direct diffusivities, as shown 

below. This is common practise followed for averaging many kinetic parameters. It 
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may be justified mathematically as the consequence of a variable transfer to solve the 

diffusion equation with compositionally dependent diffusion coefficient (see Press et 

al., 1986, p. 638). Physically. the slowest diffusivity is often the rate controlling step 

and hence should be weighted the most (see Cussler, 1984, p.158 for a discussion). 

This is achieved by using this fonn of averaging. The resulting expression for 

calculating the volume averaged EBDC of a component is then 

1 _ _ l_JdV 
D(av) V IOtal D, 

(111.23) 

where V total is the total volume of the system, Dj is the pertinent EBDC for each 

volume increment and Dav is the required volume averaged EBDC of a component. 

This value of the diffusion coefficient is usually very close to that calculated near the 

rim composition of the garnet, which is not surprising given the greater volume of 

material of this composition present in the garnet owing to its spherical geometry. 

Yet another complication arises from the possible change of EBDC with the 

change of compositional gradients during diffusion. In the case of uphill diffusion or 

diffusion alongwith changing composition at the grain boundary, the conditions 

required for the validity of the concept of EBDC are not met and therefore these 

processes cannot be analyzed using an EBDC. But in the case of simple 
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homogenization of a concentration gradient in a closed system or when the 

composition at the edge of a grain is fixed during diffusion, the effect of such 

changing gradients on the EBDC may be assessed As an example we show 

calculations of volume averaged EBDC's at different points of time during relaxation 

from increasingly more homogenized garnets from a prograde sequence in the type 

Barrovian area in Scotland (compositional data from Dempster, 1985). The results for 

calculations at 650 DC, 5 kb, f02 = C-O are shown in table m below, the units are in 

cm2/sec. 

Table III. 

UNRELAXED 50% RELAXED 100% RELAXED 

PROFll..E PROFILE PROFILE 

EBDC - Mn 1.13 E-18 1.22 E-18 1.26E-18 

EBDC-Mg 2.98 E-19 3.16 E-19 2.0 E-19 

EBDC - Fe 1.39E-18 1.62 E-18 0.98 E-18 

It is found that the EBDC's are not seriously affected by this change of 

gradient during diffusion and the assumption of a constant EBDC for the process is 

justified. This is probably due to the fact that all concentration gradients change more 
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or less equally, such that their ratios, which are the factors controlling the values of 

EBDC, remain similar through the process. Thus, the EBDC formulation provides a 

simple procedure to calculate diffusive fluxes in natural, multi component garnets 

under most boundary conditions. Even when they are not strictly valid (e.g. for the 

condition where the composition at the boundary of the garnet changes during 

diffusion), they may be used to obtain coarse estimates of diffusive time scales and to 

study some very general features of the diffusive process. 



Fig. m.7: Spatial (compositional) dependence ofEBOC, O.j and 0·. in a pelitic garnet 

showing growth zoning. Also shown are the volume averaged values of these 

quantities, sa discussed in the text. 
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CHAPTER. IV 

MATHEMATICAL TREATMENT OF RELAXATION OF 

COMPOSITIONAL ZONING IN 

GARNETS IN METAPELITES 
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Zoning profiles of garnets from metapelites (Fig. IV.l) suggest that thennally 

activated volume diffusion in garnet becomes effective in modifying or relaxing the 

growth zoning profiles at temperatures approximately corresponding to those of the 

upper amphibolite facies (see Dempster, 1985; Anderson and Olimpio, 1977; Yardley, 

1977). Since compositional zoning in garnet is a very commonly used tool for 

retrieving the thennal and dynamic histories of rocks, it is important to understand 

quantitatively the nature and dominant controls of this diffusional relaxation process. 

Such an understanding of the evolution of compositional zoning through metamorphic 

history should also improve our knowledge of the time scales of metamorphism. 

SOLUTIONS OF THE DIFFUSION EQUATION AND SIMPLIFICATIONS 

Since garnet is a cubic mineral with a dodecahedral crystal morphology, which 



Fig. IV.I: Some zoning features of garnet in low to medium grade regionally 

metamorphosed pelitic rocks. Vertical scale is in wt%. Evolution of zoning profiles in 

a prograde sequence from Barrovian type area, Scotland (reproduced from Dempster, 

1985). Group A: Almandine-U. Staurolite zone; B: U. Staurolite - L. Sillimanite zone; 

C: Above L. Sillimanite zone. 
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often appears nearly spherical in natural assemblages, diffusion in garnet can be 

approximately treated in terms of isotropic diffusion in a sphere, as discussed below. 

Boundary Conditions 

One may consider three geologically reasonable boundary conditions as follows. 

(a) Closed system (CS), in which the bulk composition of a garnet crystal 

remains constant This may correspond to the case where a garnet grain is enclosed in 

an 'inert matrix' (e.g. quartz), which does not exchange any component with garnet. 

However, enclosure in an inert matrix does not necessarily ensure that the garnet has 

behaved as a closed system during the period when diffusion was effective, since a 

connected network of intergranular fluid could facilitate chemical exchange with 

somewhat remote ferromagnesian silicates by means of intergranular diffusion (see 

Joesten, 1990 for a comprehensive treatment of this subject). 

(b) Variable edge composition NEC), in which the composition at the edge of 

a garnet crystal changes as a function of time, and 
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(c) Fixed edge composition (FEC), in which the composition at the edge of a 

garnet crystal remains essentially fixed throughout the time period of diffusion. 

The last two conditions require some amplification so that one may look for 

appropriate textural criteria to decide on their applicability in natural assemblages. In 

response to a change of equilibrium distribution coefficient (KD), the change in edge 

composition of a garnet crystal in equilibrium with an adjacent ferromagnesian silicate 

depends on the mass ratio of the equilibrating volumes of garnet and the surrounding 

matrix. The larger this ratio, the smaller is the required change of the edge composition 

of garnet. Consequently, in natural assemblages, condition (c) is likely to be satisfied 

when a large cluster of grains or a large grain of garnet is surrounded by a small 

amount of ferromagnesian silicate such as biotite in which diffusion is much faster. 

The latter condition is required to ensure that all segments of the edge of a large 

garnet crystal or cluster of crystals equilibrate with the same matrix composition, and 

thus maintain a large mass ratio of the equilibrating volumes of garnet to matrix phase. 

The relationship between change of edge composition of garnet and its relative 

abundance, as discussed above, is well illustrated by the work of Kwak (1970). 



The Diffusion Equation 

oe 
Ot 
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(IV.I) 

where D is the diffusion coefficient, C the concentration, t the time and r the radius 

of a sphere. On substituting 

u = Cr (N.2) 

(IV. 1) becomes 

ou 
Ot 

The initial condition is given by 

or 

(IV. 3) 

C(r,O) = fer) 

u = rf(r), 

t = 0, ° < r < a 

(IV.4) 

where C(r,t) is the concentration at the radial coordinate r (at core of sphere r=O) and 

time t and fer) is any continuously differentiable function of r which is assumed to be 



symmetric about the center of the sphere. 

and 

The boundary conditions are given by 

u = 0, r = 0, t > 0 

u = Ac(a,t) = a'l'(t), r = a, t > 0 

where 'I'(t) is a continuously differentiable function in t. 
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(IV.5) 

(N.6) 

For the FEC model 'I'(t) = C" a constant and for the CS model the boundary 

condition (IV.6) is replaced by 

Dc/dX = du/Dx = 0, r = a, t > 0 (lV.7) 

i.e there is no flux across the boundary of the grain. 

General Solutions 

The relaxation of growth zoning of garnet under closed system condition is a 

problem of limited geological application. It has been addressed to some extent by 

Muncill and Chamberlain (1988). The solution for the concentration of a component 

is given in Crank (1975, eqn. 6.47, p.97). 
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At constant P and T, we can then express the change in the concentration of 

a component as a function of time, t, and radial distance, r, as follows, provided that 

the flux of the component involves only one compositionally independent diffusion 

coefficient, D. 

.. II 

C(r,t) - ",(t) + ":'E e-II'+sin~{ ffJ\f)sin mer d 
ar 11-1 a 0 a 

2 I 1I~2D). 

- n <P fe gr-",(A)dA)} 
t 0 

where <P is a dimensionless variable defined as 

2 
+ a cosme (",(t)e"'+ 

n1t 

(N.S) 

<P -
(N.9) 

If we set ",(t) = C" a constant, then expression (IV.S) satisfies the boundary condition 

(c) for FEC and reduces to the following form: 



C(r,t) -
2aC - (-1)" mcr 

C. + --.!E--e-lI~sin- + 
1tr 11-1 n a _ G 

2 ~ _,,~. n1tr r#1~' nnrd' -L., e SlD_J'J\r,slD-
ar,,_l a 0 a 
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(lV.10) 

For the summations to infinity, the fIrst four tenns in the series converge the 

sums to the precision of a 32-bit computer which is more than adequate for the present 

purpose. We note that equation (IV.to) follows readily from eqn. (4.16) in Crank 

(1975), which is a solution of the diffusion equation in a plane sheet with constant 

surface concentrations and initial distribution f(x) , by making the appropriate 

substitutions described by his eqns. (6.15) - (6.17). (A solution for the VEe model is 

also given by Carslaw and Jaeger (1959: eqn. (3) of section 9.3), but unfortunately is 

found to be erroneous.) 

Initial Zoning Functions 

The growth (Le. initial) zoning profiles of Fe and Mn in an average metapelitic 

garnet (Fig. IV.I) can be approximated by trigonometric functions. Since the profiles 

are approximately symmetric with respect to the center (r = 0) of a crystal, we can 

write for the Fe-proflle/ Mg-profile 

Ar) - C(O,O) + [C(a,O) - C(0,0)]sin2(~) 
2a 

(lV.ll) 



and for Mn-profile 

f{r) - C(a,O) + [C(O,O) - C(a,O)]cos2(~) 
2a 
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(N.12) 

where the primed and unprimed symbols refer to Fe (or Mg) and Mn respectively. 

These functions approximate the common growth zoning profiles of Fe, Mg and Mn, 

and also satisfy the stoichiometric relation in a binary Fe-Mn garnet, XFc = I -XMn at 

all points. In some cases, the Fe and Mn growth zoning profiles may be approximated 

by the linear function 

f{r) _ C(O,O) + [C(a,O) - C(O,O)]r 
a 

(N.13) 

Solutions to the diffusion equation specific to some commonly occurring initial profile 

shapes are provided in appendix VI. 
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Reduction of Multicomponent Diffusion to a Binary Diffusion Problem 

The expression of flux of a component in a multicomponent diffusion process 

involves n-l diffusion coefficients, where n is the total number of components. In such 

cases eqns. (IV.S) and (IV.1O) or their equivalents for the closed system can be used 

only to describe the concentration profile of a transformed or 'eigen' component, the 

flux of which can be expressed in terms of a single diffusion coefficient (i.e. an 

eigenValue of the D matrix) and its own concentration gradient, just as in a simple 

diffusion equation (see eqn 1.10). The concentration profile of the 'eigen' components 

can be converted back to those of real components. A simpler alternative to the above 

procedure is to settle for an approximate solution by reducing the problem of 

multicomponent diffusion to that of an effective binary diffusion so that the flux of 

a component can be treated in terms of only one independent diffusion coefficient. 

This is the approach taken in the present work and the derivation and properties of 

such diffusion coefficients have been discussed in detail in chapter m. 
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Reduction of Non-isothermal Diffusion to Isothermal diffusion Problem 

A further problem in applying the analytical solution (Le. eqn IV.8 or IV. 10) 

is that it holds for isothermal (and isobaric) diffusion process, whereas the relaxation 

of compositional profile during metamorphism takes place over a temperature -time 

(T-t) cycle. The problem of nonisothermal diffusion can be handled numerically by 

breaking up a given T-t cycle into a large number of isothermal steps. Alternatively, 

one can use the concept of a compressed time scale, as discussed by Lasaga (1977, 

1983), or reduce the problem of nonisothermal diffusion to one of isothermal diffusion. 

The latter approach is adopted in this work since it permits simple analytical treatment 

of the diffusion process without transforming the time scale. In the geological 

problems considered here, the pressure effect on D is neglected since the change of 

pressure during the period of any significant diffusion is too small to have a noticeable 

effect on D. 

Since diffusion coefficient is a function of temperature, one can express D as 

a function of time corresponding to any given temperature-time (T-t) cycle. As 

schematically illustrated in Fig. (IV.2), it is always possible to find a characteristic 

diffusion coefficient, Deb' such that 
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(IV. 14) 

Consequently, the total amount of diffusion in a T-t cycle can be obtained by 

calculating isothennal diffusion over the time period t at a characteristic temperature, 

Tcb' at which D = Dcb. This is a classical approach followed in the metallurgical 

literature (e.g. Shewmon, 1963). 

For metamorphism in a collision zone, thennal modeling yields approximately 

symmetrical T-t paths, at least for the part above the garnet isograd (e.g. England and 

Thompson, 1984). With the values of activation energies for diffusion in garnet 

summarized in table 1, it is found that for such T-t paths, Tch(K)- 0.97To(K). This 

relationship between Tcb and To is not violated even if T-t cycles are moderately 

asymmetric (Le. if time scale of heating : time scale of cooling .... 0.5-1.5). Assuming 

that D follows an Arrhenian relation, it can also be shown that for T-t cycles which 

can be approximated by a trapezoidal fonn (Fig. IV.2) 

Dcll -
D(l + t(Peak» 

t(total) 
(IV. 15) 



Fig. IV.2: (a) A hypothetical temperature-time path and (b) schematic variation of D 

as a function of time along the path. The area under the D vs. t curve (i.e. D()d ) 

equals that under the horizontal line defined by Dcb (i.e. (DcJt). Tcb is a characteristic 

temperature at which D = Dcb. Thus, total amount of diffusion taking place in the T-t 

path equals the the amount of isothermal diffusion at T = Tcb. The dashed line in (a) 

illustrates a trapezoidal approximation of the T-t path. See text for further discussions. 
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where t(total) is the total time of the T-t cycle above garnet isograd, t(peak) is the time 

at the peak metamorphic temperature in the trapezoidal approximation, and D' is the 

diffusion coefficient at a temperature T', which is given by 

-Q -Q 

R m; w;; 
f(k) _ -_[In{ e + e }] 

Q 2 
(W.16) 

where To and T G are respectively the peak metamorphic and garnet isograd 

temperatures. Thennal modeling of Thompson and Ridley (1987) suggests that rocks 

spend 30-50% of their time in metamorphic T-t cycle within 50 K of To. One could 

use this result to set the ratio t(peak)/t(total) == 0.3- 0.5. Thus, the diffusion process in 

garnet in metamorphic T -t cycles, which are of the types discussed above, can be 

treated as an isothennal process at a characteristic temperature, which can be 

calculated from a knowledge of To. 

CHANGE OF GARNET EDGE COMPOSITION AS A FUNCTION OF TIME 

For analytical treatment of VEe model, we need an explicit functional fonn 

of ",(t) which describes the change in edge composition of garnet as a continuous 

function of time. Lasaga et al (1977) have shown that during cooling at a constant 
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rate, the edge composition of a crystal changes according to C(a,t) = C'exp(-Bt), where 

B is a constant for a specific case and C· is the edge composition at peak temperature. 

Here we adopt a related equation of the form 

(IV.17) 

to describe the continuous change of edge composition through a complete T-t cycle 

involving both heating and cooling. To illustrate the usefulness of this function, we 

have taken a model T-t path, which is discussed later (Fig. IV.7a), and calculated the 

change in the edge composition of garnet in equilibrium with biotite, using the data 

for Ko(Fe-Mg) as a function of temperature from Ferry and Spear (1978) and assuming 

that XFc(Bt) has remained fixed (Le. BtlGt mass ratio is very large). The results are 

iIIustrated in Fig. IV.3, and also fitted to the above relation. It is evident that the 

relation (IV .17) approximates the form of the variation of edge composition of garnet 

in a smooth- T-t cycle quite closely. 



Fig. IV.3: Variation of edge composition of garnet in a temperature-time path. The 

calculated variation can be approximated by a catenary relation, see text. 



o .,------------------------------------------
en · o 

IDCD c...... 
X O 

r-.. · o 

co · O~I~----~------~I------~------~I------~--~ 
0.0 12.0 24.0 36.0 48.0 60.0 

TIME(m~J 

Variation of Edge Composition of Garnet in a T-t Path 

113 



114 

RESULTS AND GEOLOGICAL APPLICATIONS 

Model Calculations 

We define a quantity R relating core and edge compositions of a garnet such 

that R =0 for no change of core composition and R = I when the core and edge 

compositions are exactly the same. 

R -
C(O,t) - C(O,O) 

C. - C(O,O) 
(1V.18) 

We have evaluated eqn. (IV.10) for C(r,t) for a large number of values of the 

dimensionless variable cp, assuming that the initial profiles follow the trigonometric or 

linear forms given by equations (lV.ll-13). The results are recast in terms of R vs. 

logcp, and illustrated in Fig. IV.4. The extent of relaxation for a given value of cp is 

independent of the sign of [C(a,O) -C(O,O)] for the linear approximation of the initial 

profIle (eqn. IV. 13), whereas it is essentially the same for the trigonometric 

approximations of the initial profIle (eqns. IV.ll and IV.12). Thus, if the diffusion 

coefficients are known, one can easily determine from Fig. IV.4 the extent of 
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relaxation of growth zoning profiles of Fe, Mn or Mg of a specific garnet crystal with 

known initial profile as a function of time. It should be noted that for R ~ 0.5, the 

extent of relaxation is insensitive to whether the initial profile has an essentially linear 

or a trigonometric form. To obtain R for a T-t cycle, one needs to use the D value 

corresponding to T cb of the cycle. It is evident from Fig. IV.4 that the choice of the 

initial profile can significantly affect the value of <j) (and thus the retrieved time scale) 

for an observed value of R depending on its magnitude. 

Fig. IV.5 shows a graphical representation of 10g(Dt)l12 vs logt at a number of 

temperatures for the relaxation of Mn growth zoning in metapelitic garnets with fixed 

edge composition. We have used D-Mn for these calculations since, as discussed earlier, 

the diffusion of Mn in a common metapelitic garnet is effectively controlled by DMnMn, 

which is often close to its tracer diffusion coefficient. Also shown are the dimensions 

of a garnet which would be essentially homogenized at T-t conditions defined by the 

isotherms. It follows from the relation between Rand <j) (Fig. IV.4) that the radius (a-) 

of a garnet with fixed edge composition that could be homogenized at specified P-T 

condition and time is given approximately by (2Dt)I12. According to Fig. IV.5, a 

spherical garnet crystal with 1 mm radius would require - 5 bye!) at 5500C, -100 my 

at 6500C and - 1 my at 800°C to effectively homogenize the Mn growth zoning 

profile. For natural assemblages, one should calculate the homogenization time scale 
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at T ch rather than at T'. 

Figs. IVA and IV.S may be used together to quickly determine the extent of 

relaxation of Mn growth zoning profile in a garnet crystal with fixed edge composition 

at specified temperature and time. For example, to determine R for a crystal with S 

mm radius at 6S00C in 10 My, we first obtain from figure 13 10g(Dt)112 = -1.67 so that 

</l = 1t2Dt/a2 = 0.018. Thus from Fig. IVA we get R = 2 -10 %, depending on the 

choice of initial growth zoning profile. 

Fig. IV.6 shows the nature of dependence of the extent of relaxation on grain 

size. We have chosen as initial profile the typical growth zoning of Fe in a metapelite 

(Fig. IV.1) and a T-t cycle illustrated in Fig. IV.7a lasting about 70 my above the 

garnet isograd <:: SOOOC). The extent of relaxation is calculated for both the complete 

cycle and the heating part of the cycle. The edge composition of garnet has been 

assumed to remain fixed. For the diffusion coefficient, we have used the EBDC of Fe 

for a growth zoning profile illustrated in Fig. IV.1. Similar calculations have been 

carried out for several other growth zoning profiles in metapelitic garnets and model 

and inferred T-t paths (England and Thompson, 1984; Anovitz and Chase, 1990; 

Dempster, 1985). An important conclusion that emerges from these analyses is that 

very significant proportion of the total relaxation of growth zoning takes place during 



Fig. IV.4: Extent of relaxation ® of growth zoning profile in garnet as a function of 

the dimensionless variable cp. It is assumed that the initial growth profiles can be 

approximated by either a trigonometric (T) or a linear (L) function (eqns. N.11 or 

IV.12 and IV.13, respectively), and that the edge composition of garnet has remained 

fixed (FEC model). B = (C(O,t) - C(O,O))/(C, - C(O,O)) whereas cp = x 2Dt/a2
• 
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Fig. IV.S: The relationship between 10g(Dt)1f2 and logt along a set of isotherms along 

with the approximate conditions of garnet isograd and granulite facies metamorphism. 

The edge composition of garnet is assumed to remain fixed (FEe model). a· is the 

radius of a spherical garnet crystal which will be homegenized at T-t combination 

defined by an isotherm. 
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heating. Thus we caution against the acceptance of cooling rate calculations from the 

extent of relaxation of growth zoning which do not account for the effect of heating 

(e.g. Muncill and Chamberlain, 1988). 

To illustrate some of the important properties of relaxation in the VEe model, 

we consider simulated relaxations of growth zoning of Fe and Mn at selected times in 

a model T-t path (Fig. IV.7). The latter is followed by a rock initially at 32 Km depth 

in a 40 Km thrust sheet, according to the model of England and Thompson (1984), 

modified to account for the exponential decay of erosion rate with time (Anovitz and 

Chase, 1990; Chase, personal comm.). The total time span of the cycle is 66 My 

above 525°C, which is near the low temperature limit of major garnet forming 

reactions in common metapelite. It is assumed that garnet is embedded in a matrix of 

biotite which maintains fixed composition throughout the T-t cycle; in other words, the 

change of KD is essentially accounted for by the change of edge composition of garnet. 

Thus, Fig. IV.7 shows the maximum possible effect of the change of edge composition 

of garnet on relaxation of growth zoning. C(a,O) and C(O,O) are average values of these 

parameters in the compositional profiles of natural crystals from the garnet isograd, as 

reported by Dempster (1985; see Fig. IV.l) and McLellan (1985). For the purpose of 

simulation, approximate values of the parameters Bl and B2, which are required to 

evaluate 'o/(t) according to eqn. IV.17, were estimated from the observed zoning 



Fig. IV.6: The extent of relaxation, according to the FEe model, as a function of grain 

size of spherical garnet crystal through a symmetrical T -t cycle lasting 80 my (solid 

line) and heating part of the cycle (dotted line). 
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profIles of Fe and Mn in garnets from different metamorphic grades. It is assumed that 

the initial and final edge compositions are essentially the same. The qualitative features 

of the simulation discussed below are valid as long as the function 'I'(t) has a 

minimum for both Fe and Mn, regardless of the validity of the above assumptions. The 

EBDC-s of Fe and Mn have been calculated for a composition of AI~8Py17M~Grl at 

P=5 kb. The simulations show the following important points. 

(a) The core composition of garnet is affected fairly quickly (also see Anderson 

and Buckley, 1973), which seems to be contrary to common notions. (This property 

is also true for FEC and CS models.) 

(b) During heating, the concentration profile of Fe develops oscillations, which 

may partly survive through the cooling process (we will return to this point later). 

(c) A garnet grain may develop a conspicuous zoning near the rim and 

effectively uniform composition away from it without achieving homogeneity 

throughout the crystal at To. In the simulations shown in Fig. IV.7, an effectively 

homogeneous composition is achieved at about 20 My after the peak of the T-t cycle. 

Whether a garnet crystal achieves homogeneous composition at or after peak 

metamorphic condition depends on To, the nature ofT-t cycle and grain size. However, 



Fig. IV.7: (a) A hypothetical T-t cycle and (b-e) zoning profiles developed by the 

modification of growth zoning by diffusion at four selected intervals shown on T-t 

cycle. The edge composition of garnet is assumed to vary with temperature (VEe 

model) according to the Fe-Mg partitioning relation between garnet and biotite (Fig. 

IV.3). The horizontal axis represents a distance in rnm. Note that essentially complete 

homogenization was not achieved at peak condition of the T-t cycle, but 6 my after 

the the peak. 
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our simulated relaxation of garnet zoning proflles for a variety of T -t cycles from the 

literature (e.g. England and Thompson, 1984; Anovitz and Chase, 1990; Zen, 1988; 

Selverstone, 1985; DeYoreo et al., 1989) show that essentially complete 

homogenization is achieved at the peak metamorphic condition in a garnet grain 1 mm 

in radius if To ~ 7000C, but the core composition may change during cooling. 

Along a radial distance, Mn profile shows a minimum near the edge of a garnet 

crystal since the Mn concentration at the edge increases during cooling owing to its 

preferential fractionation into garnet relative to coexisting biotite. This feature is also 

observed in natural garnets (e.g. St-Onge, 1987). On the other hand, the Fe zoning 

proflle in garnets (embedded in a matrix of biotite of effectively fixed composition) 

develops oscillations during relaxation through approximately symmetrical T-t paths 

if cj) S 0.55 (Fig. IV.8). This type of oscillation is not, however, reported in natural 

garnets, except in polymetamorphic rocks. Consequently we suggest that either (a) 

natural processes are characterized by a lower limit of cj) for Fe thus constraining, in 

principle, the minimum time period of regional metamorphism in approximately 

symmetrical T-t paths or (b) small compositional fluctuations are averaged out in . 
reported microprobe analyses. We recall incidentally that multiple fluctuations in Ca 

zoning profile have been reported by other workers (e.g. Anderson and Olimpio, 1977). 

This may be the result, at least in part, of the process of relaxation along with change 
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of edge composition. According to the data of Loomis et al. (1985), the value of cjI for 

Ca, which is the slowest diffusing species among the divalent cations in garnet, is 

expected to be about half of that for Fe. Thus, it may be possible to have oscillations 

in Ca zoning profile while other cations show a smooth trend. In our simulations we 

find that oscillations in Fe zoning profile also develop when rapid cooling follows a 

period of prolonged heating. Careful study of garnet zoning profiles may reveal the 

presence of such T-t paths which might, for example, be expected during the erosion 

of a thickened tectonic block due to sudden uplift as a result of buoyant relaxation 

following some amount of erosion of the overriding thrust sheet. 

Since the VEC model can lead to oscillation of zoning profile, the extent of 

homogenization can not be simply represented like the other two cases in terms of the 

dimensionless variable R. However, we can still make a useful comparison among the 

three models by considering the relaxation of a given initial profile through the same 

temperature-time path. We find that the CS model leads to the greatest, whereas the 

VEC model leads to the least relaxations of a zoning profile. As an example, we show 

in Fig. IV.9 a comparative simulation of the relaxation of an Fe-profile according to 

the CS, VEC and FEC models for the T-t path illustrated in Fig. IV.7a. 



Fig. IV.8: Fe zoning profile of garnet for two different values of the dimensionless 

variable «1>, illustrating the development of oscillation for «I> S 0.55. The edge 

composition of garnet is assumed to vary according to the Fe-Mg partitioning relation 

between garnet and biotite (Fig.IV.3). 
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Limitations for Practical Applications 

Although there does not seem to be a change of diffusion mechanism for 

divalent cations in garnet above 750°C, such a change can not be ruled out at lower 

temperatures. Consequently at T oS 75(J'C, the D values could be higher than those 

obtained from the diffusion data summarized in table m.2. In addition, there are two 

other important limitations to using the results presented above for retrieving time 

scales of metamorphism from garnet zoning profiles, even if we are able to decide on 

the appropriate choice of boundary conditions from textural criteria. 

The fIrSt problem involves determination of the extent of relaxation which 

necessitates knowledge of the initial profile. One may seek a practical solution of the 

problem by choosing the growth zoning profIles in a garnet of approximately the same 

size near the garnet isograd in the same prograde sequence. This amounts to assuming 

that the primary garnet-forming reaction was crossed at nearly the same condition by 

the different P-T paths associated with different grades of metamorphism in a given 

region. While this cannot be strictly correct, the temperatures at which different P-T 

paths intersect a garnet forming reaction cannot be significantly different since such 

reactions have very steep slopes in P-T space at pressures of regional metamorphism 



Fig. IV.9: Comparison of the extent of relaxation, B (eqn. IV.18), of growth zoning 

profIle of Fe according to different boundary conditions. CS: Closed system; FEC: 

Fixed edge composition; VEC: Variable edge composition. 
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(e.g. Hsu, 1968; Ganguly, 1968). The pressure difference between the intersection of 

a reaction with two different P-T paths is too small to have any significant effect on 

element partitioning, except perhaps Ca, and on cation diffusion. Thus the above 

choice of an initial profile should be approximately valid as long as garnets do not 

form in low- and high-grade rocks under very different fluid compositions or by 

different reactions with significantly different locations in P-T space. Garnet forming 

reactions have been reversed within laboratory time scale even at 500 bars, 364 ± 5°C 

(Hsu, 1968) so that garnets must form very close to their equilibrium crystallization 

conditions during regional metamorphism (also see Cashman and Ferry, 1988). 

Sometimes one may be able to use textural criteria to identify relict garnet crystals in 

high grade rocks. The initial profiles of these crystals should be similar to those found 

at lower grades (cf. Yardley, 1977). 

The second problem lies in the fact that the models presented above do not 

account for the effect of growth of a garnet crystal during diffusion. This, however, 

is not a serious problem for rocks in which the growth of garnets was limited near the 

garnet isograd (e.g. by breakdown of chlorite and/or chloritoid) since at these 

conditions diffusion would be negligible even on a geological time scale. However, 

where garnet growth extends to higher temperature (e.g. by staurolite breakdown), 

there could be a significant amount of growth during diffusion-relaxation, the effect 
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of which ought to be taken into account in the mathematical analyses of the 

development of zoning profiles. 

When new garnet forms at the expense of staurolite at high temperature and are 

added to the existing grains, the problem may still remain minimal owing to the 

spherical geometry of garnet. This is because of the fact that for a given volume of 

growth, the radial increment of the profile decreases with increasing radius. 

Qualitatively, the effect of growth with relaxation is to produce shallower profiles 

(Loomis, 1986). Neglecting growth in relaxation calculations would, therefore, yield 

longer time scales to obtain a given amount of relaxation (i.e. slower heating/cooling 

rates). This error is in the same direction as that due to a change in the diffusion 

mechanism in garnet. Thus, use of the above model would always yield a lower limit 

on hea~r.g and cooling rates or an upper limit on time scales of metamorphism. 
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CHAPTER. V 

FURTHER APPLICATIONS OF DIFFUSION DATA 

I. RETROGRADE ADJUSTMENT OF THE COMPOSITION OF 

GARNET:IMPLICATIONS FOR GEOTHERMO-BAROMETRY AND 

GEOCHRONOLOGY 

Thenno-barometric and geochronological studies of metamorphic rocks often 

seek to establish the pressure, temperature and time at or near the peak metamorphic 

conditions. 

It is important for these purposes to know the cooling rates and grain sizes 

which are capable of preserving the elemental and isotopic compositions that the 

appropriate minerals have attained around these conditions. Lasaga (1983) has shown 

that it is the value of a parameter y', defined below, along with that of another 

parameter B/y which control the composition of a crystal during cooling. 

(V.1) 
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where s is the cooling rate, To is the peak temperature and Dp is the diffusion 

coefficient at To. The quantity Bly is related to the standard state enthalpy change of 

an exchange reaction and the diffusion parameters of the minerals involved in the 

reaction which control the composition of garnet and a coexisting phase during 

cooling. 

Lasaga (1983) concluded that for minerals with slow diffusion of cations, such 

as garnet, Bly = 0.15, whereas for those with fast diffusion, Bty = 0.01. Preservation 

of the peak concentrations of the exchange components at the core of a crystal requires 

y' ~ 10. We reproduce in Fig. V.1 two of the simulations from Lasaga (1983) 

illustrating the change of mineral composition for l' = 10 and l' = 100, each with Bly 

= 0.15. It is assumed that the mineral has slower diffusion coefficient of the 

exchanging component compared to the adjacent phase. These results show that to be 

useful for geothermo-barometry, in which mineral compositions can be measured by 

microprobe spot analysis, the value for y' must be at least 10. However, for dating the 

peak metamorphic condition using bulk isotopic analyses of garnet crystals separated 

from a rock, we must have l' ~ 100 so that the bulk analysis closely approximates the 

core composition. For spherical crystals, the relationship among bulk (C,b), core (Ct) 

and average rim (C{) compositions is given by 
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(V.2) 

where VC is the volume fraction of the core with essentially homogeneous composition. 

Noting that VC = (rrlr)3 where r and rc are the radii of the whole crystal and of the 

core, respectively, and defining = rrlr, 

(V.3) 

For the concentration profile developed for 'Y' = 100, we obtain Cj
b = 0.96Cj

C so that 

crystals with r < 100 are not suitable for isotopic dating of peak metamorphic 

condition. Thus, if other conditions remain the same, the cooling rate required to 

preserve garnet composition for isotopic dating of peak metamorphism by bulk analysis 

must be at least 10 times faster than that for thermo-barometric analysis. 

Using the tracer diffusion coefficient of Mg at 5 Kb (table 2), we have 

calculated from eqn. (V.l) a set of curves for y'= 10 and r= 100. These curves (Fig. 

V.2) illustrate the combination of minimum cooling rate and grain size that would lead 

to the preservation of garnet composition established at To to the extent depicted by 

the compositional profiles in Fig. V.l, provided D· Mg represents a good approximation 

of the EBDC-s of the components of interest For medium grade metapelitic garnets, 
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the EBOC of Mn can be faster than OeMS by upto a factor of ten (table 2), whereas for 

garnets from above sillimanite isograd, the EBOC-s can be slower than Oe Mg by about 

the same magnitude. The latter effect is due to the possible reduction of Oe Fe in 

relatively Mg-rich and Mn- poor compositions, which are common in granulite facies 

assemblages. 

The calculations illustrated in Fig. V.2 are valid for foz defmed approximately 

by graphite-Oz buffer. If f02 of a given natural assemblage happens to be significantly 

different, then the Op value should be corrected according to eqn. (Ill.8). Consequently, 

the value of s determined from Fig. V.2 should be multiplied by the factor (fozlfo2'i'6 

to obtain the minimum cooling rate, where f02' is the oxygen fugacity defined by 

graphite buffer. The minimum cooling rates required to preserve peak compositions in 

garnet cores for grain size and diffusion coefficient different from those used in Fig. 

V.2 can be easily determined by noting that the cooling rate varies as the inverse 

square of the radius of garnet crystal and directly with Op. 

To illustrate the use of Fig. V.2, let us analyze the following problem. Suppose 

that a nearly spherical metapelitic garnet crystal with - 1 mm radius has equilibrated 

to a peak metamorphic temperature of 8500C. What should be the minimum cooling 

rate that would enable the garnet crystal to retain the composition so that it might be 



Fig. V.I: Simulated evolution of concentration profile in garnet as a function of t', 

which is defined by eqn. (V.l) in the text. See text for explanation of Bit. Reproduced 

from Lasaga (1983). 
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Fig. V.2: Relationships between crystallization temperature, To, and cooling rate, s, that 

are required to preserve crystallization compositions in garnet corresponding to 'Y'= 10 

and 'Y'= 100. The compositional profiles that develop for these 'Y' values are shown 

in Fig. V.l. 
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used for thenno-barometric reconstruction of the peak metamorphic condition ? The 

answer is given by the cooling rate corresponding to the crystallization temperature of 

850°C that is defmed by the curve for a = 1 mru, l' = 10. Thus, to be useful for 

geothenno-barometry, a garnet crystal with one millimeter radius must have cooled at 

least at a rate of - 6(fC/my if the EBOC-s are similar to D· Mg' However, for such high 

temperature rocks in which the garnets are usually rich in Fe-Mg components (and 

poor in Mn), the EBOC-s are likely to be slower by at least a factor of five due to 

compositional effect, as discussed above, in which case s ~ 12°C/my could preserve 

the peak composition in garnet cores. It should be also evident from the above 

discussion and Fig. V.2 that the core composition of garnet may not be preserved to 

reflect peak metamorphic P-T condition for some geologically reasonable sets of values 

of a, s and To. 

Humphries and Cliff (1982) have shown that in Archean (Scourian) basic 

granulites of north-west Scotland, the age determined from Sm-Nd mineral isochron 

involving garnet and clinopyroxene is systematically lower than that given by the Pb 

isotope data of zircon which grew during granulite facies metamorphism. The grain 

size of the mineral separates ranged between 1 and 5 mm in diameter. The estimated 

peak temperature (To) of the rocks lies between 820 and 12500C. If we assume that 

O·Nd'= O·Mg, To.= 9000C and the garnet grains had an average diameter of 2 mm, 
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then we conclude from Fig. V.2 that to preserve the Sm-Nd composition suitable for 

dating the peak metamorphic condition (y'= 1(0), we must have s ~ 220C'fC/my, which 

is geologically impossible for these rocks. As discussed earlier, D-Nd could be slower 

than D-M8 by an order of magnitude, in which case it is required that s ~ 220°C/my, 

which is also too fast compared to the probable cooling rate of these rocks. Thus the 

discrepancy between Sm-Nd and Pb isotopic ages noted by Humphries and Cliff 

(1982) is expected from consideration of diffusion properties of garnet. We, however, 

emphasize that the above analysis does not imply that Sm-Nd age of all granulites, 

detennined from bulk mineral isotopic data of garnet, should be younger than the peak 

metamorphic age. Most granulites seem to have To in the range of 700 to 900°C, with 

a mean around 8000C (Lee and Ganguly, 1988). Preservation of peak metamorphic Sm

Nd isotopic characteristics in an one millimeter radius garnet grain subjected to a peak 

metamorphic temperature of 700°C requires s ~ 3°C/my if D-Nd = D·M8 (or s ~ 

O.3°C/my if D·Nd = O.ID·Mg), which is well within the range of usual cooling rates of 

granulites (Anovitz et al., 1988). Thus, the results of Humphries and Cliff (1982) 

should not be taken to be a general model for granUlites. 
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II. TIME SCALES OF REGIONAL METAMORPHISM FROM RELAXATION 

OF GROWTH ZONING: A BARROVIAN EXAMPLE 

Dempster (1985) presents compositional zoning (Fig. IV.l) data in garnets from 

the continuous prograde metamorphic sequence in the type Barrovian area of Scotland 

(Barrow, 1893). Based on the nature of the observed zoning, Dempster (1985) 

classified the garnets into three groups -- A,B and C, corresponding to low, medium 

and high grades, respectively. Group A garnets from low staurolite grade rocks are 

strongly, "normally" zoned from core to rim i.e. Fe and Mg increase from core to rim 

while Ca and Mn decrease. The zoning contours are approximately concentric circles. 

Group B garnets are similar excepting they have a significant region of "reverse" 

zoning (decreasing Mg, Fe and sometimes Ca) developed to variable extents near the 

rim. Group C garnets from the highest grade rocks (upper sillimanite zone) are almost 

homogeneous with no zoning at the core and sometimes only the "reverse" zoning at 

the rim. Although there is no guarantee that any of these concentration proflles 

measured on thin sections actually go through the centers of the respective crystals, 

care was taken in each case to analyze through the centers of the larger grains in a thin 

section. This, added to the fact that the observed features of the zoning proflles are 

reproducible suggest that the cross sections of the analyzed grains are fairly close to 

the center and that contributions to variation in zoning from possible "cut effects" are 
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likely to be relatively minor. Finally, the edge compositions in some of the zoning 

profIles presented for Group A garnets and Group C garnets are remarkably close. 

This situation is ideally suited for application and a possible test of the 

diffusion-relaxation models developed in the preceding chapter. First of all, in keeping 

with the initial assumptions of the model regarding applicability of different boundary 

conditions to different textural modes of occurrence of garnet, it is found here that the 

extent of "reverse" zoning near the rim is directly related to the relative modal 

abundances of garnet and biotite. Thus, texturally the rock is suitable for the 

application of both, the FEC and the VEe models, but not the CS model (because of 

the clear evidence of exchange with adjacent phases recorded in the variation of the 

edge compositions with modal abundance). The application of the more elaborate VEC 

model however requires additional data (e.g. modal abundance and composition of 

other phases, their relative spatial disposition etc.) which are not available. 

Consequently, we have applied only the FEC model to these profiles to retrieve the 

time scales of DaIradian metamorphism in this area. 

The required inputs for the FEC model are the initial zoning profiles and the 

characteristic temperatures of diffusion for the calculation of the effective binary 

diffusion coefficients. It is assumed that the nearly homogeneous garnets of Group C 
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were initially zoned like the Group A garnets and Group B represents an intermediate 

stage in the relaxation process. Dempster (1985) makes the same observation and in 

view of his detailed studies of this area involving structural, petrological and isotopic 

work (Dempster, 1983, 1984, 1985a, 1985b) we accept his conclusions. 

In order to calculate the EBDC's required to model the diffusion process we 

should know the peak temperature attained by these rocks. Knowing the peak 

temperature the characteristic temperature of diffusion for this metamorphic episode 

may then be calculated using the relationships developed in chapter IV. The peak 

temperatures were obtained by Dempster (1985) using the gamet-biotite exchange 

geothermometer and are within the bounds set by phase equilibria constraints for these 

rocks. 

We have refmed Dempster's temperature estimates by taking into account the 

effect of non-ideal mixing of divalent cations in garnet as discussed by Ganguly and 

Saxena (1984). The latter formulation has been modified by taking into account Fe-Mg 

non-ideality parameters suggested by Hackler and Wood (1989). The revised 

geothermometer yields "peak" temperatures of -692 °C instead of 657 °C reported by 

Dempster. The characteristic temperature (TcJ of diffusion calculated according to the 

formulation developed in chapter IV for this peak temperature is -663 °C. 
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Having obtained the Tch we calculate the volume averaged EBDC's (which is 

same as that calculated at the composition XFe = 0.78, XMn = 0.04, XMg = 0.17 near the 

rim) for all components for the initial zoning profile (sample # GL 712) using eqns. 

m.ll and m.23. The measured compositions at the core ~ = 0.7, XMn = 0.16, XMg 

= 0.12) and rim (XFe = 0.8, XMn = 0.02, XMg = 0.19) of this sample may be used to 

define trigonometric functions as described by eqns. IV.ll and IV.12 for the initial 

Fe!Mg and Mn profiles respectively. Finally, eqn.IV.9, IV.1O and IV.18 are used 

alongwith measured radii of garnet grains to calculate the amount of relaxation for any 

arbitrary time scale of metamorphism. In the more elaborate VEe model the duration 

of heating and cooling may be varied as independent parameters to fit observed final, 

relaxed profiles. However, in the present FEe model only the duration of the 

metamorphic event (more rigorously the total time spent by the rock above -550°C, 

below which no perceptible diffusion can occur at a reasonable time scale, see 

fig.lV.5) is the variable parameter that can be adjusted to fit observed final profiles 

from high grade rocks. 

Of the zoning profiles described by Dempster (1985), a set of fmal profiles 

from high grade rocks that approximately satisfy the FEe condition are those of 

sample # R1156. This set of profiles may be considered to be about 95-100 % relaxed 

with respect to the initial profiles of sample # GL 712. There is some uncertainty in 
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the amount of relaxation arising from the fact that the exact data at the core are not 

available (they are approximated from the plots in Dempster, 1985) and it is not 

known if the measured profiles are actually through the center of the crystal ("cut 

effect"). 

With these set of data, it is found that to produce the 95% relaxation a time 

scale of about 120 my is required, which would then be the time scale (defined here 

as time spent above 550°C) of Dalradian metamorphism at the Barrovian type area. 

This compares well with the time scale of about 75 my inferred by Dempster (1985) 

based on various field, isotopic and thermal modelling constraints. In fact, more 

precise Pb-isotopic work on the pre-metamorphic Ben Vuirich granite (Rogers et al., 

1989) dates the crystallization age of this pluton at -590 my as opposed to the earlier 

514 my age. This relaxes some of the constraints that Dempster (1985) used to arrive 

at his time scale of -75 myr. This later work opens up the possibility that the 

Barrovian metamorphism (commonly referred to as the D-3 phase) might have 

involved elevated temperatures from 590-460 rna (-130 my). Dempster (pers. comm. 

1989) prefers a model involving higher than greenschist facies temperatures between 

-550-460 rna (90 myrs). These estimates are in excellent agreement with our estimated 

time scales of -120 my, which could be refined to some extent by applying the more 

sophisticated VEC model if suitable data were available. In particular, use of the VEe 
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model would allow one to model the formation of the induced retrograde zoning in 

addition to the homogenization of the growth zoning modeled here. This would reduce 

the uncertainty in the estimated time scale considerably. 

The use of the FEC model does not allow one to specifically address the 

question of time scale of heating, for which the VEC model is necessary. However, 

in chapter IV we found that about 70% of the total relaxation in T-t cycles of diverse 

geometries occur during heating. Using this result we find here that this amount of 

relaxation takes place in about 15 my for these samples. This is once again entirely 

consistent with the conclusions of Dempster (1983, 1985, pers. comm) based on 

thermal modelling that the Barrovian metamorphism involved a phase of relatively 

rapid heating and initial slow cooling. 

The preceding discussion hopefully illustrates the power of the present model 

to constrain time scales and bring attention to inconsistent isotopic data. A notable 

feature of this approach is that it involves only routine microprobe data for the most 

part, as opposed to elaborate isotopic work. This model is not meant to replace the 

precision or accuracy of isotopic dating techniques where feasible. Rather it is intended 

to be a much more quicker and accessible technique that can complement isotopic data 

where present and provide some constraints where such data are not available. Another 
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usefulness of this approach pertains to resolution of time scales that may not be 

accessible to isotopic techniques very easily. This is the topic of discussion in our next 

example. 

m. TIME SCALES OF THE LATER METAMORPHIC EPISODE IN A 

POLYMETAMORPHIC TERRANE FROM GARNET OVERGROWTHS: AN 

EXAMPLE FROM THE PALAEOZOIC OF EASTERN VERMONT, U.S.A. 

There are many reported instances (e.g. Albee, 1968; Brown, 1969; 

Rosenfeld, 1970; Edmunds and Atherton, 1971; Rumble and Finnerty, 1974; Laduron and 

Desmons,1981) where a second metamorphic event led to overgrowth of garnet of 

different composition on an earlier garnet This may fonn natural 'diffusion couples' 

with some amount of interdiffusion between the two garnets (Fig. V.3). Modelling of 

these diffusion profiles should yield important infonnation on the time scale of the 

second metamorphic event. 

To illustrate this approach we have chosen a set of garnets studied by Rumble 

and Finnerty (1974) from eastern Vennont They found euhedral almandine garnets 

(AlmssPY7SPsGr3) in metavolcanic rocks rimmed by poikiloblastic overgrowths of 



Fig. V.3: Garnet overgrowth in thin section in polarized light. 
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Garnet Overgrowth in Thin Section In Polarized Light 



Fig. V.4: Backscattered electron image of garnet overgrowth. 
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Backscattered Electron Image of Overgrowth 



Fig. V.S: Simulations and measured compositional profIles developed by diffusion 

across an interface between a grossular-spessartine overgrowth on an almandine rich 

core. The overgrowth was due to contact metamorphism of a preexisting metavolcanic 

rock. 
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Diffusion Profiles Developed in Garnet Overgrowths and their Simulation 



149 

grossularite-spessartite garnets (Gr38Alm34Sp28PyO.l)' The almandine was interpreted to 

have grown during Ordovician contact metamorphism caused by the intrusion of the 

Fairlee quartz monzonite. The overgrowth was the result of later (post early Devonian, 

pre-triassic) regional metamorphism. 

Individual, euhedral grains of the same composition as the overgrowth were 

also found in the same thin section. The width of the overgrowth varies from 0-200 

Jl.m radiaIIy in thin section. The compositional change in going from the core to the 

overgrowth is quite abrupt and was stated to occur within 5 Jl.m. The core and the 

overgrowth are both inhomogeneous to some extent, but their compositional ranges do 

not overlap. Complete analyses of the core and overgrowth garnets may be found in 

Rumble and Finnerty (1974). 

For the purpose of diffusion modelling, several new polished thin sections were 

prepared from the same chips used by Rumble and Finnerty (1974), which were kindly 

provided by Dr. D. Rumble. Some of these thin sections were found to contain garnet 

overgrowths as described above. On each of these thin sections, a number of grains 

with overgrowth were identified and observed in detail using backscattered electrons 

(Fig.V.4). The compositional profiles across the core-overgrowth interface were 

measured using the methods outlined in chapter II for measurement of the experimental 
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diffusion proflles. Corrections for the convolution effect were necessary because of the 

rather sharp change in composition. An example of a measured profile is illustrated in 

Fig. V.5. It is seen that although the compositional change is fairly localized, it is not 

discontinuous and resembles a diffusion proflle. 

Development and evolution of these overgrowths may be thought to have 

occurred in the following manner. During the regional metamorphic episode 

overprinting the earlier contact metamorphic event, the grossularite-rich garnet grew 

with a uniform composition over the pre-existing almandine. If the time scales of 

growth of garnet and diffusion of divalent cations in garnet were comparable, a 

diffusion zone whose width is a significant fraction of the width of the overgrowth 

would be expected to form near the interface of these two garnets of contrasting 

composition. Alternatively, if the diffusion was faster than or equal to the growth rate, 

no diffusion zone would develop and completely flat concentration profiles would be 

measured. Since neither of these is found to be the case, the time scale of growth must 

have been much shorter relative to the time scale of diffusion. A finite amount of 

diffusion must have occurred during the growth of the first few microns of overgrowth, 

but the amount of this should be negligible because of the disparity between these two 

rates. Thus, after this overgrowth of uniform composition is plated onto the core 

garnet, subsequent diffusion would have resulted in the compositional profiles observed 
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today. 

The development of the diffusion proflle in these garnets can be modelled in 

terms of diffusion between two homogeneous, semi-infinite media welded at the 

interface. The diffusion equation may once again be solved for a characteristic 

temperature of metamorphism, which can be obtained by geothermometry. The 

pertinent initial conditions for the solution of the diffusion equation in cartesian 

coordinates are as follows: 

C = ClAim' 0 < x oS h 

and (V.4) 

C = CI
Gros, X > h 

where the origin is the core of the garnet and h is the radius of the core garnet without 

overgrowth. ex is the concentration of component i in phase x. The solution for each 

component is given by eqns. of the form Ill.24. 

The peak temperature for these rocks may be calculated using compositions of 

two alternate mineral pairs as geothermometers -- garnet-biotite and garnet-ilmenite. 

For the former, the modified formulation after Ganguly and Saxena (1984), as 

discussed above (p.113), was used. For the latter the formulation of Pownceby et al. 

(1987) for Fe-Mn fractionation as a function of temperature was used. For the 
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compositions of the overplated garnet the Fe-Mn exchange is likely to be close to ideal 

according to the garnet solution properties of Ganguly and Kennedy (1974), Ganguly 

and Saxena (1984) and Koziol (1990). Thus no corrections for non-ideality were made 

here. Both formulations yield temperatures between 530-535 DC. As in the study by 

Elphick et aI. (1985), here also it is found that the EBDC of the different co~ponents 

are close enough to each other that they may be replaced by a single EID without 

introducing any significant errors. The simulated multicomponent diffusion profiles 

using this approach match the measured profiles almost exactly (Fig. V.S). Using these 

we find that the time scale required to generate the observed zone of diffusion in these 

garnets at Tcb = 505°C is 25,000 - 30,000 years. This implies that the rock spend this 

length of time at or near its peak metamorphic temperature (i.e. above -500 DC). The 

relatively low peak metamorphic temperature of these rocks provides the additional 

advantage that adjustments during cooling foIIowing attainment of the peak 

temperature would be minimal. 

Unfortunately, there are no independent data available in this case to judge the 

accuracy of the above calculation. The calculation has several important implications 

however, which may be summarized as follows: 

1. The resolution of time scales of the order of a few tens of thousands of years is 

usually beyond the scope of routine isotopic work. On the other band, in spite of the 
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considerable uncertainties in diffusion data, it at least allows recognition of the 

existence of such time scales through the kind of modelling studies described here. 

2. Examples of such overgrowths abound in the literature, some of which have been 

cited above. Frequently, both metamorphic episodes are regional (e.g. in the Alps, 

Laduron and Desmons,1981), associated with different defonnational and tectonic 

features. Identification of this finer time scale would allow a more detailed 

understanding of the chronology of such defonnational and tectonic events. 

IV. CALCULATION OF GROWTH RATES OF MINERALS DURING 

METAMORPHISM USING COMPOSITIONAL ZONING AND DIFFUSION 

DAT A: AN EXAMPLE FROM THE CONTACT AUREOLE OF THE RHONDA 

PERIDOTITE MASSIF, SPAIN. 

Loomis (1977, 1983) used mass balance constraints at the interface of a zoned 

garnet grain that is reacting irreversibly to obtain an expression relating velocity of 

movement of the interface (growth or resorption), diffusion coefficients and various 

compositional parameters. His expression is of the fonn 
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where ~ is the composition at the rim of the garnet, Ce is the composition that is 

reacting with the matrix (because of the stoichiometry of the reaction). TItrough 

detailed textural and compositional analysis of metapelites from the high temperature 

contact aureole of the Rhonda peridotite massif, Loomis showed that it is possible to 

retrieve the quantities ~ and Ceo Thus, if the diffusion coefficient is known and the 

concentration gradient (zoning) is measured then the remaining unknown '\), the 

velocity of growth/resorption of garnet may be retrieved. Loomis (1977) used 

estimated values of diffusion coefficients to illustrate the calculations. With the 

available diffusion data from this work and using the values of the other parameters 

from Loomis (1977) we can calculate the garnet resorption rates for these rocks. For 

sample # R206, for which estimates of peak temperature (-680°C, see chapter Ill) are 

available, we obtain a resorption rate of 1.67e-3 J.1m/yr as opposed to 5e-4 J.1m/yr 

guessed by Loomis (1975). This is consistent with the fact that the guessed values of 

diffusion coefficient used by Loomis were 3e-18 cm2/sec, as opposed to the value of 

le-I7 cm2/sec obtained using the current experimental data. The resorption rates thus 

obtained are naturally average, time integrated resorption rates. 
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V. IMPLICATIONS FOR P-T PATH AND THERMAL mSTORY 

CALCULATIONS: AN EXAMPLE FROM THE WOPMAY OROGEN, 

CANADA. 

Quantitative understanding of the chronological evolution of the pressure -

temperature history of metamorphic rocks has been the focus of attention of many 

recent petrological studies. Both numerical modeling of the metamorphic evolution and 

direct determination of segments of these 'P-T-t paths' of rocks from specific field 

areas have contributed to this understanding. The metamorphic P-T history can be 

unravelled using a variety of techniques, a number of which are based on the tenet that 

a zoned mineral may be looked upon as a series of tiny crystals with different 

compositions that have crystallized in response to changing P-T conditions with time. 

The compositional zoning thus records a complete array of P-T conditions attained 

during the evolution of the rock which can be retrieved by the use of proper theoretical 

formulations. However, the underlying assumption in all these approaches is that once 

formed, these compositions (i.e. the zoning prome) has not been disturbed in any way. 

Therefore, it is critical for the success of these approaches to assess whether this 

assumption is valid in each individual case. 

This simply involves determining whether the compositional profile of a zoned 
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garnet has been significantly relaxed, and if so, to what extent it affects the retrieval 

of the 'P-T paths'. Given the peak metamorphic temperature, the grain size of the 

garnet and an estimate of a reasonable time scale, it is a simple matter to use the 

proper equation (with the correct boundary condition) developed earlier in this work 

to calculate the amount of relaxation. This has been discussed and illustrated in chapter 

IV and a specific example of such a calculation is given below. 

St. Onge (1987) has directly determined the P-T paths associated with 

metamorphism in the early proterozoic Wopmay Orogen (N.W.T., Canada) using 

geothermometry and geobarometry involving zoned garnets and the abundant 

inclusions (biotite, quartz, plagioclase and ± aluminosilicate) present in them. He 

argues that the zoning profile measured today is indeed the undisturbed growth zoning 

of the garnet. To test this assertion, one can simply choose the smallest grain size from 

the highest temperature rock as the worst possible combination and evaluate the extent 

of possible relaxation. 

The time constraints on these rocks from Ph-isotopic data indicate that the 

maximum available time for this metamorphism was 11 my (St. Onge, 1987). The 

smallest grain size is about 4 mm in diameter (Fig. 3 of St. Onge, other grains are 

stated to be 5-7 mm in diameter). The highest temperature recorded by a rock in this 
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area was -660 °C. Using the FEC model (eqn. IV.I0 and IV.18 or just Fig. IV.4) we 

find that the extent of relaxation is 7-15 %, depending on the choice of the initial 

profIle shape. From the shapes of the profiles in his lower grade garnets, it seems that 

the trigonometric functions (eqns. IV.ll and IV.12) are the more likely candidates. 

Therefore, the extent of maximum possible relaxation is likely to be closer to the lower 

limits of the range given above. Note that the FEC model used here overestimates 

relaxation compared to the alternative VEC model. For the more typical peak 

temperatures of 600 - 630°C there is no perceptible relaxation. Thus it is clear that 

consideration of diffusion properties of garnets and a quantitative appraisal of 

relaxation indicates that these garnets were indeed unrelaxed and therefore ideally 

suited for the determination of P-T paths. This simple quantitative treatment justifies 

the contentions of St. Onge which were based on circumstantial evidence. Similar 

calculations should precede the use of garnet zoning to infer P-T paths and reaction 

histories in order to avoid complications that might result from the unwitting use of 

partially relaxed compositional profiles. 

The relaxation equations developed in this work can find applications not only 

in varied problems of diffusional mass transfer, but also in similar problems of heat 

transfer. The applications presented in this chapter are only a few direct examples, 

meant to be representative rather than exhaustive. It is hoped that their existence would 
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encourage not only their use, but also development of other similar applications for 

solution of diverse geological problems. 
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APPENDIX - I 

COMPOSITION DATA FOR GARNETS USED IN DIFFUSION EXPERIMENTS 

Two complete analyses of initial garnet compositions used in the Fe-Mn 

diffusion couple experiments are given below. These are representative, but naturally 

do not span the total range of compositional variability seen in these garnets. This may 

be appreciated by examining the compositions at the beginning and end (which are the 

undisturbed, initial compositions) of the diffusion profile data presented in Appendix -

II. 

OXIDE WEIGHT % WEIGHT % 

Si02 37.50 35.73 
Al20 3 21.53 20.67 
CaO 0.84 0.22 
MgO 4.27 0.00 
FeO 35.11 1.14 
MnO 0.32 42.88 
CrZ0 3 0.00 0.00 
Ti02 0.00 0.00 

Total 99.57 100.64 
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APPENDIX - n 

SELECTED COMPOSITIONAL DATA FOR EXPERIMENTAL AND 

NATURAL DIFFUSION PROFILES 

In the following pages of this section we present compositional data for 

selected diffusion profiles. For each profile, the data has been formatted in the 

following manner: 

The fIrst line of each data set is an identification of the sample, date of analysis 

etc. The second line gives the identity of the end member components -- for example, 

Mn stands for mole fraction of spessartine component in garnet. Beginning with the 

next line the real data is presented. On each row, the fIrst column is a set of formatting 

characters of no signifIcance, the second row is the distance in microns, the third 

through sixth rows contain the mole fractions of spessartine, pyrope, grossular and 

almandine respectively in the analyzed garnet and the final row carries a counter, 

which simply aids in referring to the analyzed points. 
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GDlOSCAN4 2 
MN MG CA FE 

*1 0.0 0.0061 0.1593 0.0476 0.7870 1 
*1 0.5 0.0080 0.1573 0.0366 0.7980 2 
*1 1.0 0.0111 0.1484 0.0652 0.7753 3 
*1 1.5 0.0089 0.1628 0.0951 0.7332 4 
*1 2.0 0.0102 0.1572 0.0710 0.7615 5 
*1 2.5 0.0079 0.1457 0.1350 0.7114 6 
*1 3.0 0.0086 0.1681 0.0604 0.7630 7 
*1 3.5 0.0076 0.1471 0.1272 0.7182 8 
*1 4.0 0.0064 0.1623 0.0568 0.7745 9 
*1 4.4 0.0114 0.1657 0.0600 0.7630 10 
*1 4.9 0.0087 0.1558 0.1432 0.6924 11 
*1 5.4 0.0064 0.1623 0.0641 0.7671 12 
*1 5.9 0.0133 0.1635 0.0607 0.7625 13 
*1 6.4 0.0071 0.1548 0.1118 0.7263 14 
*1 6.9 0.0067 0.1599 0.0759 0.7576 15 
*1 7.4 0.0098 0.1653 0.0645 0.7604 16 
"'I 7.9 0.0119 0.1447 0.0911 0.7523 17 
"'I 8.4 0.0146 0.1626 0.0317 0.7911 18 
*1 8.9 0.0112 0.1781 0.0864 0.7243 19 
"'I 9.4 0.0120 0.1715 0.0639 0.7526 20 
*1 9.9 0.0093 0.1474 0.0769 0.7665 21 
*1 10.4 0.0087 0.1530 0.0267 0.8117 22 
*1 10.9 0.0105 0.1654 0.0763 0.7479 23 
"'I 11.4 0.0119 0.1509 0.0969 0.7403 24 
*1 11.9 0.0141 0.1699 0.0658 0.7501 25 
"'I 12.4 0.0129 0.1549 0.0672 0.7650 26 
"'I 12.8 0.0131 0.1612 0.0862 0.7395 27 
*1 13.3 0.0181 0.1631 0.0945 0.7243 28 
"'I 13.8 0.0206 0.1761 0.0411 0.7621 29 
*1 14.3 0.0252 0.1670 0.0611 0.7468 30 
"'I 14.8 0.0279 0.1496 0.1399 0.6826 31 
"'I 15.3 0.0442 0.1429 0.1140 0.6989 32 
"'I 15.8 0.0736 0.1486 0.0880 0.6898 33 
*1 16.3 0.1096 0.1293 0.1306 0.6306 34 
*1 16.8 0.1555 0.1383 0.0789 0.6274 35 
*1 17.3 0.2210 0.1230 0.0600 0.5960 36 
"'I 17.8 0.3032 0.1039 0.0975 0.4954 37 
"'I 18.3 0.4008 0.0788 0.0533 0.4672 38 
"'I 18.8 0.4916 0.0624 0.0682 0.3778 39 
"'I 19.3 0.5701 0.0436 0.0770 0.3094 40 
*1 19.8 0.7143 0.0317 0.0216 0.2325 41 
*1 20.3 0.7551 0.0232 0.0301 0.1915 42 
*1 20.7 0.8258 0.0149 0.0107 0.1486 43 
*1 21.2 0.8822 0.0087 0.0136 0.0955 44 
*1 21.7 0.8957 0.0067 0.0229 0.0747 45 
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*1 22.2 0.9061 0.0054 0.0392 0.0493 46 
*1 22.7 0.9367 0.0042 0.0263 0.0327 47 
*1 23.2 0.9297 0.0000 0.0381 0.0322 48 
*1 23.7 0.9380 0.0008 0.0317 0.0295 49 
*1 24.2 0.9412 0.0016 0.0383 0.0189 50 
*1 24.7 0.9530 0.0005 0.0309 0.0155 51 
*1 25.2 0.9458 0.0011 0.0307 0.0224 52 
*1 25.7 0.9286 0.0005 0.0471 0.0238 53 
*1 26.2 0.9561 0.0009 0.0121 0.0309 54 
*1 26.7 0.9708 0.0018 0.0078 0.0196 55 
*1 27.2 0.9855 0.0008 0.0041 0.0096 56 
*1 27.7 0.9532 0.0002 0.0336 0.0130 57 
*1 28.2 0.9614 0.0002 0.0186 0.0199 58 
*1 28.7 0.9580 0.0014 0.0258 0.0147 59 
*1 29.1 0.9782 0.0002 0.0040 0.0177 60 
*1 29.6 0.9651 0.0000 0.0230 0.0119 61 
*1 30.1 0.9592 0.0007 0.0206 0.0195 62 
*1 30.6 0.9545 0.0013 0.0251 0.0190 63 
*1 31.1 0.9859 0.0012 0.0056 0.0074 64 
*1 31.6 0.9761 0.0002 0.0154 0.0084 65 
*1 32.1 0.9551 0.0008 0.0231 0.0209 66 
*1 32.6 0.9709 0.0003 0.0071 0.0216 67 
*1 33.1 0.9613 0.0013 0.0283 0.0091 68 
*1 33.6 0.9629 0.0005 0.0165 0.0201 69 
*1 34.1 0.9624 0.0025 0.0196 0.0156 70 
*1 34.6 0.9571 0.0008 0.0231 0.0190 71 
*1 35.1 0.9399 0.0021 0.0402 0.0178 72 
*1 35.6 0.9753 0.0003 0.0108 0.0142 73 
*1 36.1 0.9115 0.0017 0.0643 0.0225 74 
*1 36.6 0.9783 0.0008 0.0035 0.0174 75 
*1 37.0 0.9413 0.0017 0.0482 0.0088 76 
*1 37.5 0.9474 0.0015 0.0363 0.0148 77 
*1 38.0 0.9757 0.0004 0.0073 0.0166 78 
*1 38.5 0.9804 0.0010 0.0069 0.0117 79 
*1 39.0 0.9770 0.0001 0.0061 0.0170 80 
*1 39.5 0.9048 0.0024 0.0693 0.0234 81 
*1 40.0 0.9300 0.0021 0.0498 0.0181 82 
*1 40.5 0.9356 0.0008 0.0481 0.0155 83 
*1 41.0 0.9313 0.0006 0.0436 0.0245 84 
*1 41.5 0.9518 0.0005 0.0355 0.0122 85 
*1 42.0 0.9370 0.0018 0.0368 0.0244 86 
*1 42.5 0.9301 0.0010 0.0581 0.0108 87 
*1 43.0 0.9500 0.0010 0.0266 0.0224 88 
*1 43.5 0.9561 0.0001 0.0246 0.0195 89 
*1 44.0 0.9654 0.0003 0.0251 0.0099 90 
*1 44.5 0.9352 0.0003 0.0549 0.0096 91 
*1 45.0 0.9546 0.0002 0.0373 0.0079 92 
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gdlOscanl(top),84 STP,sepl13,1989 2 
MN MG CA FE 

*1 0.0 0.9555 0.0000 0.0164 0.0281 1 
*1 0.3 0.9567 0.0000 0.0152 0.0280 2 
*1 0.7 0.9577 0.0000 0.0161 0.0262 3 
*1 1.0 0.9508 0.0000 0.0217 0.0275 4 
*1 1.4 0.9556 0.0000 0.0164 0.0280 5 
*1 1.7 0.9494 0.0000 0.0224 0.0283 6 
*1 2.0 0.9507 0.0000 0.0175 0.0319 7 
*1 2.4 0.9576 0.0000 0.0157 0.0267 8 
*1 2.7 0.9531 0.0000 0.0180 0.0289 9 
*1 3.0 0.9555 0.0000 0.0151 0.0294 10 
*1 3.4 0.9593 0.0000 0.0137 0.0270 11 
*1 3.7 0.9544 0.0000 0.0202 0.0254 12 
*1 4.1 0.9561 0.0000 0.0133 0.0306 13 
*1 4.4 0.9541 0.0000 0.0162 0.0297 14 
*1 4.7 0.9488 0.0000 0.0194 0.0317 15 
*1 5.1 0.9530 0.0000 0.0187 0.0283 16 
*1 5.4 0.9531 0.0000 0.0180 0.0290 17 
*1 5.7 0.9553 0.0000 0.0176 0.0271 18 
*1 6.1 0.9528 0.0000 0.0169 0.0303 19 
*1 6.4 0.9497 0.0000 0.0168 0.0335 20 
*1 6.8 0.9549 0.0000 0.0141 0.0311 21 
*1 7.1 0.9478 0.0000 0.0200 0.0323 22 
*1 7.4 0.9550 0.0000 0.0178 0.0272 23 
*1 7.8 0.9539 0.0000 0.0145 0.0316 24 
*1 8.1 0.9514 0.0000 0.0158 0.0329 25 
*1 8.4 0.9563 0.0000 0.0138 0.0300 26 
*1 8.8 0.9541 0.0000 0.0156 0.0303 27 
*1 9.1 0.9529 0.0000 0.0172 0.0299 28 
"'I 9.4 0.9513 0.0000 0.0191 0.0296 29 
*1 9.8 0.9473 0.0000 0.0210 0.0317 30 
*1 10.1 0.9498 0.0000 0.0179 0.0323 31 
*1 10.5 0.9462 0.0000 0.0200 0.0339 32 
"'I 10.8 0.9464 0.0000 0.0167 0.0369 33 
"'I 11.1 0.9406 0.0000 0.0205 0.0389 34 
"'I 11.5 0.9412 0.0000 0.0166 0.0422 35 
"'I 11.8 0.9345 0.0000 0.0157 0.0498 36 
"'I 12.1 0.9306 0.0001 0.0154 0.0539 37 
*1 12.5 0.9133 0.0002 0.0210 0.0655 38 
"'I 12.8 0.9085 0.0002 0.0141 0.0772 39 
*1 13.2 0.8994 0.0005 0.0163 0.0839 40 
*1 13.5 0.8749 0.0011 0.0196 0.1045 41 
"'I 13.8 0.8555 0.0020 0.0174 0.1252 42 
"'I 14.2 0.8341 0.0040 0.0166 0.1454 43 
"'I 14.5 0.8078 0.0055 0.0178 0.1689 44 
"'I 14.8 0.7733 0.0076 0.0148 0.2043 45 
"'I 15.2 0.7356 0.0125 0.0210 0.2308 46 
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*1 I5.s 0.6908 0.0162 0.0209 0.2722 47 
*1 15.9 0.6532 0.0224 0.0206 0.3039 48 
*1 16.2 0.6017 0.0295 0.0216 0.3472 49 
*1 16.5 0.5488 0.0379 0.0258 0.3876 50 
*1 16.9 0.4998 0.0472 0.0232 0.4298 51 
*1 17.2 0.4478 0.0600 0.0235 0.4688 52 
*1 17.5 0.3933 0.0644 0.0333 0.5091 53 
*1 17.9 0.3457 0.0799 0.0321 0.5423 54 
*1 18.2 0.2958 0.0930 0.0310 0.5802 55 
*1 18.6 0.2600 0.1065 0.0247 0.6088 56 
*1 18.9 0.2270 0.1125 0.0327 0.6278 57 
*1 19.2 0.1875 0.1239 0.0305 0.6581 58 
*1 19.6 0.1543 0.1321 0.0336 0.6799 59 
*1 19.9 0.1262 0.1383 0.0326 0.7029 60 
*1 20.2 0.1063 0.1380 0.0318 0.7240 61 
*1 20.6 0.0834 0.1557 0.0298 0.7312 62 
*1 20.9 0.0683 0.1578 0.0285 0.7454 63 
*1 21.3 0.0564 0.1590 0.0355 0.7492 64 
*1 21.6 0.0445 0.1658 0.0292 0.7604 65 
*1 21.9 0.0358 0.1686 0.0301 0.7655 66 
*1 22.3 0.0287 0.1739 0.0330 0.7645 67 
*1 22.6 0.0246 0.1740 0.0345 0.7668 68 
*1 22.9 0.0195 0.1708 0.0298 0.7799 69 
*1 23.3 0.0175 0.1787 0.0301 0.7737 70 
*1 23.6 0.0166 0.1664 0.0338 0.7833 71 
*1 24.0 0.0165 0.1706 0.0263 0.7866 72 
*1 24.3 0.0149 0.1863 0.0330 0.7658 73 
*1 24.6 0.0149 0.1734 0.0323 0.7794 74 
*1 25.0 0.0138 0.1687 0.0307 0.7868 75 
*1 25.3 0.0145 0.1575 0.0285 0.7996 76 
*1 25.6 0.0135 0.1725 0.0345 0.7795 77 
*1 26.0 0.0123 0.1787 0.0301 0.7789 78 
*1 26.3 0.0139 0.1691 0.0359 0.7810 79 
*1 26.7 0.0125 0.1762 0.0327 0.7786 80 
*1 27.0 0.0129 0.1748 0.0327 0.7796 81 
*1 27.3 0.0130 0.1810 0.0263 0.7796 82 
*1 27.7 0.0131 0.1690 0.0343 0.7835 83 
*1 28.0 0.QlI9 0.1682 0.0293 0.7906 84 
*1 28.3 0.0123 0.1686 0.0371 0.7820 85 
*1 28.7 0.0126 0.1707 0.0290 0.7877 86 
*1 29.0 0.QlI4 0.1821 0.0281 0.7784 87 
*1 29.4 0.0119 0.1706 0.0307 0.7868 88 
*1 29.7 0.0121 0.1696 0.0304 0.7879 89 
*1 30.0 0.0104 0.1733 0.0342 0.7821 90 
*1 30.4 0.0103 0.1710 0.0292 0.7895 91 
*1 30.7 0.0107 0.1782 0.0276 0.7835 92 
*1 31.0 0.0100 0.1626 0.0274 0.8000 93 
*1 31.4 0.0102 0.1696 0.0271 0.7931 94 
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*1 31.7 0.0095 0.1704 0.0326 0.7876 95 
*1 32.1 0.0106 0.1775 0.0314 0.7805 96 
*1 32.4 0.0092 0.1681 0.0289 0.7939 97 
*1 32.7 0.0097 0.1670 0.0346 0.7887 98 
*1 33.1 0.0091 0.1701 0.0295 0.7913 99 
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GDI0SCANIAUG28 2 
MN MG CA FE 

"'I 0.0 0.0081 0.1706 0.0194 0.8020 1 
"'I 0.3 0.0112 0.1739 0.0099 0.8050 2 
"'I 0.7 0.0096 0.1719 0.0064 0.8121 3 
"'I 1.0 0.0101 0.1735 0.0132 0.8032 4 
"'I 1.4 0.0093 0.1743 0.0127 0.8038 5 
"'I 1.7 0.0097 0.1732 0.0112 0.8059 6 
"'I 2.0 0.0099 0.1743 0.0169 0.7990 7 
"'I 2.4 0.0102 0.1790 0.0161 0.7947 8 
"'I 2.7 0.0114 0.1751 0.0096 0.8039 9 
"'I 3.0 0.0112 0.1688 0.0143 0.8058 10 
"'I 3.4 0.Ql08 0.1731 0.0115 0.8046 11 
"'I 3.7 0.0108 0.1757 0.0138 0.7997 12 
"'I 4.1 0.0107 0.1692 0.0085 0.8116 13 
"'I 4.4 0.0107 0.1692 0.0094 0.8107 14 
"'I 4.7 0.0121 0.1686 0.0136 0.8057 15 
"'I 5.1 0.0120 0.1698 0.0113 0.8069 16 
"'I 5.4 0.Ql13 0.1733 0.0134 0.8020 17 
"'I 5.7 0.0126 0.1694 0.0128 0.8052 18 
"'I 6.1 0.0109 0.1744 0.0121 0.8027 19 
"'I 6.4 0.0133 0.1707 0.0125 0.8034 20 
"'I 6.8 0.0117 0.1711 0.0115 0.8057 21 
"'I 7.1 0.0124 0.1698 0.0095 0.8084 22 
"'I 7.4 0.0123 0.1766 0.0090 0.8022 23 
"'I 7.8 0.0134 0.1691 0.0103 0.8072 24 
"'I 8.1 0.0140 0.1713 0.0144 0.8003 25 
"'I 8.4 0.0145 0.1748 0.0082 0.8024 26 
"'I 8.8 0.0154 0.1704 0.0113 0.8029 27 
"'I 9.1 0.0177 0.1720 0.0083 0.8020 28 
"'I 9.4 0.0166 0.1663 0.0097 0.8073 29 
"'I 9.8 0.0208 0.1747 0.0111 0.7933 30 
"'I 10.1 0.0243 0.1644 0.0140 0.7973 31 
"'I 10.5 0.0271 0.1721 0.0131 0.7878 32 
"'I 10.8 0.0350 0.1672 0.0137 0.7841 33 
"'I 11.1 0.0435 0.1702 0.0120 0.7743 34 
"'I 11.5 0.0527 0.1672 0.0072 0.7729 35 
"'I 11.8 0.0657 0.1629 0.0125 0.7589 36 
"'I 12.1 0.0759 0.1598 0.0137 0.7506 37 
"'I 12.5 0.1002 0.1544 0.0069 0.7385 38 
"'I 12.8 0.1179 0.1523 0.0134 0.7164 39 
"'I 13.2 0.1401 0.1437 0.0137 0.7025 40 
"'I 13.5 0.1718 0.1429 0.0065 0.6788 41 
"'I 13.8 0.1989 0.1398 0.0147 0.6465 42 
"'I 14.2 0.2298 0.1286 0.0137 0.6279 43 
"'I 14.5 0.2626 0.1254 0.0117 0.6003 44 
"'I 14.8 0.3036 0.1176 0.0121 0.5666 45 
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*1 15.2 0.3473 0.1078 0.0067 0.5382 46 
*1 15.5 0.4078 0.0930 0.0062 0.4931 47 
*1 15.9 0.4560 0.0833 0.0120 0.4487 48 
*1 16.2 0.5181 0.0723 0.0029 0.4067 49 
*1 16.5 0.5795 0.0595 0.0005 0.3615 50 
*1 16.9 0.6269 0.0469 0.0015 0.3276 51 
*1 17.2 0.6748 0.0385 0.0017 0.2850 52 
*1 17.5 0.7172 0.0346 0.0095 0.2576 53 
*1 17.9 0.7478 0.0233 0.0014 0.2302 54 
*1 18.2 0.7782 0.0169 0.0034 0.2084 55 
*1 18.6 0.8266 0.0108 0.0036 0.1661 56 
*1 18.9 0.8374 0.0095 0.0051 0.1582 57 
*1 19.2 0.8669 0.0028 0.0051 0.1354 58 
*1 19.6 0.8877 0.0006 0.0092 0.1209 59 
*1 19.9 0.8999 0.0025 0.0039 0.1065 60 
*1 20.2 0.9036 0.0045 0.0001 0.1010 61 
*1 20.6 0.9185 0.0077 0.0021 0.0913 62 
*1 20.9 0.9263 0.0069 0.0025 0.0831 63 
*1 21.3 0.9317 0.0070 0.0026 0.0779 64 
*1 21.6 0.9345 0.0079 0.0054 0.0788 65 
*1 21.9 0.9339 0.0085 0.0049 0.0796 66 
*1 22.3 0.9246 0.0071 0.0019 0.0806 67 
*1 22.6 0.9447 0.0091 0.0097 0.0740 68 
*1 22.9 0.9365 0.0072 0.0033 0.0740 69 
*1 23.3 0.9365 0.0087 0.0048 0.0770 70 
*1 23.6 0.9453 0.0085 0.0053 0.0685 71 
*1 24.0 0.9366 0.0094 0.0013 0.0741 72 
*1 24.3 0.9274 0.0087 0.0044 0.0769 73 
*1 24.6 0.9377 0.0085 0.0051 0.0758 74 
*1 25.0 0.9427 0.0092 0.0092 0.0756 75 
*1 25.3 0.9355 0.0084 0.0016 0.0745 76 
*1 25.6 0.9430 0.0081 0.0089 0.0740 77 
*1 26.0 0.9411 0.0077 0.0080 0.0746 78 
*1 26.3 0.9332 0.0068 0.0044 0.0779 79 
*1 26.7 0.9340 0.0085 0.0015 0.0730 80 
*1 27.0 0.9407 0.0085 0.0058 0.0735 81 
*1 27.3 0.9451 0.0070 0.0036 0.0656 82 
*1 27.7 0.9430 0.0073 0.0060 0.0703 83 
*1 28.0 0.9398 0.0074 0.0045 0.0721 84 
*1 28.3 0.9398 0.0066 0.0040 0.0708 85 
*1 28.7 0.9487 0.0065 0.0092 0.0671 86 . 
*1 29.0 0.9298 0.0047 0.0006 0.0756 87 
"'I 29.4 0.9368 0.0048 0.0032 0.0712 88 
*1 29.7 0.9380 0.0051 0.0045 0.0717 89 
*1 30.0 0.9345 0.0079 0.0013 0.0747 90 
*1 30.4 0.9343 0.0088 0.0036 0.0708 91 
*1 30.7 0.9492 0.0085 0.0104 0.0697 92 
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*1 3l.0 0.9368 0.0081 0.0003 0.0710 93 
·1 31.4 0.9403 0.0091 0.0062 0.0749 94 
*1 3l.7 0.9354 0.0071 0.0037 0.0754 95 
·1 32.1 0.9422 0.0080 0.0038 0.0696 96 
·1 32.4 0.9408 0.0078 0.0008 0.0678 97 
·1 32.7 0.9392 0.0083 0.0018 0.0710 98 
*1 33.1 0.9413 0.0091 0.0053 0.0731 99 
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GD6SClJUL28267scan 2 
MN MG CA FE 

*1 0.0 0.9834 0.0000 0.0019 0.0147 1 
*1 0.3 0.9866 0.0000 0.0015 0.0119 2 
*1 0.7 0.9843 0.0000 0.0023 0.0134 3 
*1 1.0 0.9865 0.0000 0.0023 0.0112 4 
*1 1.4 0.9780 0.0000 0.0045 0.0176 5 
*1 1.7 0.9861 0.0000 0.0005 0.0134 6 
*1 2.0 0.9859 0.0000 0.0023 0.0118 7 
*1 2.4 0.9868 0.0000 0.0021 0.0110 8 
*1 2.7 0.9877 0.0000 0.0002 0.0124 9 
*1 3.0 0.9855 0.0000 0.0021 0.0124 10 
*1 3.4 0.9828 0.0000 0.0024 0.0147 11 
*1 3.7 0.9821 0.0000 0.0035 0.0145 12 
*1 4.1 0.9877 0.0000 0.0016 0.0106 13 
*1 4.4 0.9876 0.0000 0.0023 0.0101 14 
*1 4.7 0.9849 0.0000 0.0023 0.0128 15 
*1 5.1 0.9845 0.0000 0.0010 0.0145 16 
*1 5.4 0.9846 0.0000 0.0026 0.0128 17 
*1 5.7 0.9842 0.0000 0.0010 0.0148 18 
*1 6.1 0.9881 0.0000 0.0006 O.ot13 19 
*1 6.4 0.9865 0.0000 0.0012 0.0147 20 
*1 6.8 0.9814 0.0000 0.0024 0.0162 21 
*1 7.1 0.9844 0.0000 0.0014 0.0142 22 
*1 7.4 0.9821 0.0000 0.0016 0.0163 23 
*1 7.8 0.9794 0.0000 0.0029 0.0177 24 
*1 8.1 0.9788 0.0000 0.001l 0.0201 25 
*1 8.4 0.9733 0.0000 0.0016 0.0250 26 
*1 8.8 0.9721 0.0001 0.0008 0.0270 27 
*1 9.1 0.9651 0.0001 0.0028 0.0320 28 
*1 9.4 0.9568 0.0002 0.0044 0.0385 29 
*1 9.8 0.9494 0.0005 0.0050 0.0451 30 
*1 10.1 0.9354 0.0007 0.0030 0.0609 31 
*1 10.5 0.9274 0.001l 0.0052 0.0663 32 
*1 10.8 0.9085 0.0017 0.0048 0.0849 33 
*1 11.1 0.8928 0.0028 0.0047 0.0997 34 
*1 11.5 0.8779 0.0044 0.0041 0.1136 35 
*1 11.8 0.8495 0.0052 0.0101 0.1352 36 
*1 12.1 0.8253 0.0089 0.0052 0.1606 37 
*1 12.5 0.7957 0.0104 0.0093 0.1847 38 
*1 12.8 0.7666 0.0161 0.0121 0.2052 39 
*1 13.2 0.7348 0.0196 0.0128 0.2327 40 
*1 13.5 0.6955 0.0253 0.0197 0.2595 41 
*1 13.8 0.6562 0.0314 0.0180 0.2943 42 
*1 14.2 0.6154 0.0390 0.0181 0.3275 43 
*1 14.5 0.5783 0.0478 0.0202 0.3537 44 
*1 14.8 0.5246 0.0616 0.0261 0.3877 45 
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*1 15.2 0.4931 0.0630 0.0281 0.4158 46 
*1 15.5 0.4419 0.0741 0.0332 0.4507 47 
*1 15.9 0.4150 0.0824 0.0326 0.4700 48 
*1 16.2 0.3697 0.0964 0.0328 0.5011 49 
*1 16.5 0.3404 0.1059 0.0335 0.5202 50 
*1 16.9 0.3058 0.1071 0.0395 0.5476 51 
*1 17.2 0.2769 0.1163 0.0374 0.5694 52 
*1 17.5 0.2489 0.1305 0.0421 0.5785 53 
*1 17.9 0.2272 0.1302 0.0305 0.6122 54 
*1 18.2 0.2051 0.1411 0.0435 0.6103 55 
*1 18.6 0.1916 0.1384 0.0415 0.6285 56 
*1 18.9 0.1763 0.1512 0.0379 0.6346 57 
*1 19.2 0.1567 0.1584 0.0448 0.6402 58 
*1 19.6 0.1534 0.1468 0.0387 0.6610 59 
*1 19.9 0.1390 0.1537 0.0460 0.6613 60 
*1 20.2 0.1381 0.1618 0.0424 0.6577 61 
*1 20.6 0.1246 0.1645 0.0443 0.6666 62 
*1 20.9 0.1205 0.1595 0.0376 0.6824 63 
*1 21.3 0.1185 0.1640 0.0448 0.6727 64 
*1 21.6 0.1148 0.1650 0.0402 0.6801 65 
*1 21.9 0.1142 0.1664 0.0463 0.6730 66 
"'1 22.3 0.1102 0.1679 0.0417 0.6801 67 
"'1 22.6 0.1047 0.1632 0.0426 0.6895 68 
*1 22.9 0.1115 0.1618 0.0397 0.6870 69 
"'1 23.3 0.1028 0.1629 0.0419 0.6924 70 
"'1 23.6 0.1094 0.1643 0.0426 0.6836 71 
"'1 24.0 0.1049 0.1580 0.0414 0.6957 72 
"'1 24.3 0.1030 0.1686 0.0406 0.6878 73 
"'1 24.6 0.1038 0.1629 0.0424 0.6910 74 
"'1 25.0 0.1048 0.1582 0.0402 0.6967 75 
*1 25.3 0.1041 0.1566 0.0402 0.6990 76 
*1 25.6 0.1000 0.1600 0.0438 0.6962 77 
*1 26.0 0.1007 0.1558 0.0394 0.7041 78 
*1 26.3 0.1035 0.1616 0.0437 0.6911 79 
*1 26.7 0.1009 0.1560 0.0462 0.6969 80 
*1 27.0 0.1016 0.1539 0.0425 0.7020 81 
*1 27.3 0.1028 0.1580 0.0384 0.7008 82 
*1 27.7 0.1040 0.1589 0.0444 0.6928 83 
*1 28.0 0.0995 0.1659 0.0445 0.6901 84 
*1 28.3 0.0967 0.1609 0.0418 0.7006 85 
*1 28.7 0.1017 0.1540 0.0412 0.7031 86 
*1 29.0 0.1009 0.1579 0.0398 0.7013 87 
*1 29.4 0.0980 0.1509 0.0411 0.7100 88 
*1 29.7 0.0958 0.1593 0.0401 0.7047 89 
*1 30.0 0.0992 0.1588 0.0387 0.7033 90 
*1 30.4 0.0971 0.1573 0.0379 0.7078 91 
*1 30.7 0.1002 0.1557 0.0423 0.7019 92 

I-
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*1 31.0 0.0959 0.1560 0.0394 0.7087 93 
*1 31.4 0.1019 0.1461 0.0440 0.7080 94 
*1 31.7 0.0986 0.1550 0.0410 0.7054 95 
*1 32.1 0.0955 0.1607 0.0411 0.7007 96 
*1 32.4 0.1008 0.1540 0.0371 0.7080 97 
*1 32.7 0.1050 0.1521 0.0417 0.7012 98 
*1 33.1 0.1196 0.1642 0.0463 0.6700 99 

... ' 
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GD9SC2JUL27139scan 2 
MN MG CA FE 

*1 0.0 0.9536 0.0009 0.0077 0.0378 1 
*1 0.3 0.9582 0.0000 0.0073 0.0345 2 
*1 0.7 0.9504 0.0010 0.0071 0.0416 3 
*1 1.0 0.9584 0.0014 0.0087 0.0315 4 
*1 1.4 0.9618 0.0022 0.0026 0.0333 5 
*1 1.7 0.9621 0.0013 0.0044 0.0322 6 
*1 2.0 0.9531 0.0010 0.0062 0.0397 7 
*1 2.4 0.9563 0.0007 0.0079 0.0351 8 
*1 2.7 0.9593 0.0004 0.0058 0.0346 9 
*1 3.0 0.9500 0.0022 0.0088 0.0389 10 
*1 3.4 0.9572 0.0004 0.0040 0.0392 11 
*1 3.7 0.9531 0.0020 0.0114 0.0335 12 
*1 4.1 0.9566 0.0011 0.0075 0.0347 13 
*1 4.4 0.9543 0.0014 0.0102 0.0341 14 
*1 4.7 0.9598 0.0004 0.0074 0.0325 15 
*1 5.1 0.9616 0.0001 0.0046 0.0337 16 
*1 5.4 0.9523 0.0020 0.0067 0.0389 17 
*1 5.7 0.9559 0.0014 0.0078 0.0350 18 
*1 6.1 0.9600 0.0012 0.0060 0.0328 19 
*1 6.4 0.9551 0.0017 0.0067 0.0365 20 
*1 6.8 0.9630 0.0015 0.002~ 0.0327 21 
*1 7.1 0.9521 0.0020 0.0086 0.0373 22 
*1 7.4 0.9592 0.0014 0.0042 0.0351 23 
*1 7.8 0.9565 0.0019 0.0069 0.0348 24 
*1 8.1 0.9580 0.0003 0.0085 0.0332 25 
*1 8.4 0.9588 0.0006 0.0057 0.0348 26 
*1 8.8 0.9505 0.0002 0,0113 0.0379 27 
*1 9.1 0.9516 0.0019 0.0077 0.0388 28 
*1 9.4 0.9504 0.0006 0.0128 0.0362 29 
*1 9.8 0.9580 0.0011 0.0065 0.0344 30 
*1 10.1 0.9533 0.0008 0.0116 0.0343 31 
*1 10.5 0.9594 0.0017 0.0049 0.0339 32 
*1 10.8 0.9668 0.0006 0.0011 0.0315 33 
*1 11.1 0.9526 0.0005 0.0069 0.0400 34 
*1 11.5 0.9514 0.0009 0.0061 0.0416 35 
*1 11.8 0.9569 0.0003 0.0056 0.0372 36 
*1 12.1 0.9529 0.0025 0.0048 0.0397 37 
*1 12.5 0.9544 0.0014 0.0063 0.0378 38 
*1 12.8 0.9560 0.0006 0.0052 0.0382 39 
*1 13.2 0.9538 0.0011 0.0046 0.0406 40 
*1 13.5 0.9521 0.0001 0.0063 0.0414 41 
*1 13.8 0.9583 0.0000 0.0062 0.0355 42 
*1 14.2 0.9605 0.0012 0.0060 0.0323 43 
*1 14.5 0.9630 0.0002 0.0004 0.0376 44 
*1 14.8 0.9491 0.0011 0.0059 0.0440 45 
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*1 15.2 0.9486 0.0012 0.0061 0.0441 46 
*1 15.5 0.9510 0.0014 0.0081 0.0396 47 
*1 15.9 0.9498 0.0025 0.0007 0.0484 48 
*1 16.2 0.9466 0.0032 0.0058 0.0444 49 
*1 16.5 0.9404 0.0043 0.0047 0.0506 50 
*1 16.9 0.9285 0.0064 0.0116 0.0536 51 
*1 17.2 0.9161 0.0083 0.0049 0.0708 52 
*1 17.5 0.8944 0.0144 0.0085 0.0827 53 
*1 17.9 0.8729 0.0214 0.0096 0.0961 54 
*1 18.2 0.8347 0.0310 0.0085 0.1258 55 
*1 18.6 0.7781 0.0431 0.0139 0.1648 56 
*1 18.9 0.7114 0.0625 0.0232 0.2029 57 
*1 19.2 0.6342 0.0769 0.0289 0.2600 58 
*1 19.6 0.5513 0.0992 0.0257 0.3238 59 
*1 19.9 0.4524 0.1249 0.0323 0.3904 60 
*1 20.2 0.3373 0.1427 0.0482 0.4718 61 
*1 20.6 0.2437 0.1674 0.0514 0.5374 62 
*1 20.9 0.1600 0.1876 0.0564 0.5961 63 
*1 21.3 0.1064 0.1952 0.0739 0.6245 64 
*1 21.6 0.0701 0.2094 0.0677 0.6528 65 
*1 21.9 0.0575 0.2044 0.0703 0.6678 66 
*1 22.3 0.0455 0.2026 0.0616 0.6903 67 
*1 22.6 0.0381 0.2168 0.0644 0.6806 68 
*1 22.9 0.0368 0.2165 0.0667 0.6801 69 
*1 23.3 0.0385 0.2069 0.0658 0.6887 70 
*1 23.6 0.0347 0.2080 0.0672 0.6900 71 
*1 24.0 0.0359 0.2113 0.0757 0.6771 72 
*1 24.3 0.0351 0.2163 0.0553 0.6933 73 
*1 24.6 0.0357 0.2177 0.0626 0.6840 74 
*1 25.0 0.0296 0.2126 0.0766 0.6812 75 
*1 25.3 0.0335 0.2118 0.0695 0.6851 76 
*1 25.6 0.0364 0.2055 0.0620 0.6961 77 
*1 26.0 0.0321 0.2105 0.0674 0.6901 78 
*1 26.3 0.0333 0.2149 0.0599 0.6918 79 
*1 26.7 0.0310 0.2155 0.0643 0.6892 80 
*1 27.0 0.0295 0.2123 0.0906 0.6677 81 
*1 27.3 0.0305 0.2132 0.0645 0.6919 82 
*1 27.7 0.0295 0.2115 0.0684 0.6906 83 
*1 28.0 0.0349 0.2125 0.0677 0.6849 84 
*1 28.3 0.0320 0.2168 0.0714 0.6798 85 
*1 28.7 0.0308 0.2143 0.0720 0.6828 86 
*1 29.0 0.0289 0.2108 0.0741 0.6862 87 
*1 29.4 0.0308 0.2194 0.0649 0.6849 88 
*1 29.7 0.0269 0.2127 0.0640 0.6963 89 
*1 30.0 0.0303 0.2253 0.0540 0.6905 90 
*1 30.4 0.0305 0.2099 0.0597 0.6999 91 
*1 30.7 0.0301 0.2081 0.0764 0.6854 92 
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"'I 31.0 0.0319 0.2129 0.0605 0.6947 93 
"'I 31.4 0.0273 0.2129 0.0651 0.6947 94 
"'I 31.7 0.0289 0.2099 0.0721 0.6892 95 
"'I 32.1 0.0308 0.2145 0.0596 0.6952 96 
"'I 32.4 0.0319 0.2207 0.0751 0.6723 97 
"'I 32.7 0.0256 0.2171 0.0632 0.6942 98 
"'I 33.1 0.0356 0.2017 0.0885 0.6742 99 
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GD9SCANl 2 
MN MG CA FE 

"'4 0.0 0.9633 0.0000 0.0017 0.0350 1 
"'4 0.5 0.7536 0.0000 0.2157 0.0307 2 
"'4 1.0 0.9700 0.0000 0.0011 0.0289 3 
"'4 1.5 0.9700 0.0000 0.0048 0.0347 4 
"'4 2.0 0.9637 0.0000 0.0054 0.0309 5 
"'4 2.5 0.9641 0.0000 0.0032 0.0391 6 
"'4 3.0 0.9686 0.0000 0.0016 0.0331 7 
"'4 3.5 0.9656 0.0000 0.0008 0.0352 8 
"'4 4.0 0.9708 0.0000 0.0030 0.0322 9 
"'4 4.4 0.9595 0.0000 0.0023 0.0382 10 
"'4 4.9 0.9609 0.0000 0.0009 0.0382 11 
"'4 5.4 0.9558 0.0000 0.0051 0.0391 12 
"'4 5.9 0.9646 0.0000 0.0039 0.0392 13 
"'4 6.4 0.9633 0.0000 0.0012 0.0355 14 
"'4 6.9 0.9593 0.0000 0.0016 0.0423 15 
"'4 7.4 0.9620 0.0000 0.0012 0.0368 16 
"'4 7.9 0.9586 0.0000 0.0008 0.0422 17 
"'4 8.4 0.9662 0.0000 0.0009 0.0329 18 
"'4 8.9 0.9630 0.0000 0.0038 0.0332 19 
"'4 9.4 0.9592 0.0000 0.0035 0.0373 20 
"'4 9.9 0.9587 0.0000 0.0006 0.0406 21 
"'4 10.4 0.9581 0.0000 0.0032 0.0386 22 
"'4 10.9 0.9504 0.0000 0.0059 0.0437 23 
"'4 11.4 0.9651 0.0000 0.0008 0.0356 24 
"'4 11.9 0.9617 0.0000 0.0029 0.0354 25 
"'4 12.4 0.9618 0.0000 0.0012 0.0370 26 
"'4 12.8 0.9531 0.0000 0.0034 0.0436 27 
"'4 13.3 0.9552 0.0000 0.0056 0.0392 28 
"'4 13.8 0.9531 0.0000 0.0068 0.0401 29 
"'4 14.3 0.9656 0.0000 0.0035 0.0379 30 
"'4 14.8 0.9618 0.0000 0.0033 0.0415 31 
"'4 15.3 0.9607 0.0000 0.0025 0.0418 32 
"'4 15.8 0.9630 0.0000 0.0036 0.0406 33 
"'4 16.3 0.9562 0.0000 0.0012 0.0427 34 
"'4 16.8 0.9655 0.0000 0.0085 0.0429 35 
"'4 17.3 0.9719 0.0000 0.0075 0.0356 36 
"'4 17.8 0.9637 0.0000 0.0005 0.0368 37 
"'4 18.3 0.9481 0.0000 0.0009 0.0509 38 
"'4 18.8 0.9480 0.0000 0.0084 0.0436 39 
"'4 19.3 0.9537 0.0000 0.0013 0.0476 40 
"'4 19.8 0.9496 0.0000 0.0054 0.0449 41 
"'4 20.3 0.9447 0.0000 0.0104 0.0449 42 
"'4 20.7 0.9352 0.0000 0.0205 0.0443 43 
"'4 21.2 0.9609 0.0000 0.0061 0.0452 44 
"'4 21.7 0.9625 0.0000 0.0061 0.0436 45 
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"'4 22.2 0.9610 0.0000 0.0041 0.0348 46 
"'4 22.7 0.9371 0.0000 0.0021 0.0608 47 
"'4 23.2 0.9310 0.0001 0.0030 0'()660 48 
"'4 23.7 0.9271 0.0003 0.0027 0.0699 49 
"'4 24.2 0.9014 0.0010 0.0022 0.0998 50 
"'4 24.7 0.8948 0.0022 0.0014 0.1044 51 
"'4 25.2 0.8667 0.0048 0.0004 0.1282 52 
"'4 25.7 0.8074 0.0071 0.0031 0.1824 53 
"'4 26.2 0.7517 0.0121 0.0046 0.2316 54 
"'4 26.7 0.6930 0.0227 0.0120 0.2723 55 
*4 27.2 0.6157 0.0350 0.0055 0.3438 56 
"'4 27.7 0.5448 0.0556 0.0159 0.3837 57 
"'4 28.2 0.4912 0.0560 0.0252 0.4275 58 
"'4 28.7 0.4230 0.0818 0.0214 0.4739 59 
"'4 29.1 0.3246 0.1134 0.0211 0.5409 60 
"'4 29.6 0.2676 0.1445 0.0220 0.5659 61 
"'4 30.1 0.2055 0.1381 0.0239 0.6325 62 
"'4 30.6 0.1712 0.1590 0.0250 0.6448 63 
"'4 31.1 0.1261 0.1809 0.0313 0.6618 64 
"'4 31.6 0.1015 0.1803 0.0293 0.6889 65 
"'4 32.1 0.0769 0.2164 0.0286 0.6781 66 
"'4 32.6 0.0679 0.2245 0.0332 0.6743 67 
"'4 33.1 0.0526 0.1988 0.0286 0.7201 68 
"'4 33.6 0.0461 0.2002 0.0300 0.7238 69 
"'4 34.1 0.0350 0.2119 0.0351 0.7179 70 
"'4 34.6 0.0333 0.2150 0.0285 0.7232 71 
*4 35.1 0.0318 0.2338 0.0248 0.7096 72 
"'4 35.6 0.0365 0.1963 0.0291 0.7381 73 
"'4 36.1 0.0403 0.2108 0.0284 0.7205 74 
"'4 36.6 0.0298 0.2290 0.0311 0.7101 75 
"'4 37.0 0.0349 0.2063 0.0340 0.7248 76 
"'4 37.5 0.0276 0.2190 0.0263 0.7271 77 
"'4 38.0 0.0363 0.2004 0.0296 0.7337 78 
"'4 38.5 0.0269 0.2048 0.0166 0.7516 79 
"'4 39.0 0.0341 0.2127 0.0367 0.7166 80 
"'4 39.5 0.0310 0.1803 0.0323 0.7563 81 
"'4 40.0 0.0332 0.2128 0.0211 0.7330 82 
"'4 40.5 0.0339 0.1965 0.0339 0.7357 83 
"'4 41.0 0.0277 0.2127 0.0285 0.7311 84 
"'4 41.5 0.0292 0.2152 0.0236 0.7320 85 
"'4 42.0 0.0294 0.2118 0.0321 0.7267 86 
"'4 42.5 0.0344 0.1985 0.0214 0.7458 87 
"'4 43.0 0.0302 0.2041 0.0352 0.7305 88 
"'4 43.5 0.0298 0.1952 0.0332 0.7419 89 
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GD7SCAN3 2 
MN MG CA FE 

*1 0.0 0.0510 0.2147 0.0240 0.7103 1 
*1 0.5 0.0559 0.2138 0.0296 0.7007 2 
*1 1.0 0.0573 0.2118 0.0324 0.6985 3 
*1 1.5 0.0506 0.2019 0.0329 0.7145 4 
*1 2.0 0.0533 0.2068 0.0265 0.7134 5 
*1 2.5 0.0487 0.2247 0.0244 0.7022 6 
*1 3.0 0.0541 0.2193 0.0293 0.6973 7 
*1 3.5 0.0525 0.2098 0.0319 0.7057 8 
*1 4.0 0.0606 0.1961 0.0264 0.7169 9 
*1 4.4 0.0615 0.2094 0.0312 0.6979 10 
*1 4.9 0.0541 0.2081 0.0361 0.7017 11 
*1 5.4 0.0501 0.1916 0.0234 0.7350 12 
*1 5.9 0.0523 0.2016 0.0252 0.7209 13 
*1 6.4 0.0488 0.2057 0.0384 0.7070 14 
*1 6.9 0.0530 0.2035 0.0270 0.7166 15 
*1 7.4 0.0498 0.2075 0.0251 0.7176 16 
*1 7.9 0.0559 0.2101 0.0223 0.7118 17 
*1 8.4 0.0552 0.2088 0.0236 0.7124 18 
*1 8.9 0.0464 0.2174 0.0367 0.6996 19 
*1 9.4 0.0455 0.2119 0.0244 0.7182 20 
*1 9.9 0.0571 0.2043 0.0228 0.7158 21 
*1 10.4 0.0495 0.1977 0.0298 0.7230 22 
*1 10.9 0.0529 0.2024 0.0315 0.7132 23 
*1 11.4 0.0456 0.2119 0.0270 0.7156 24 
*1 11.9 0.0547 0.2026 0.0287 0.7140 25 
*1 12.4 0.0470 0.2135 0.0282 0.7113 26 
*1 12.8 0.0522 0.2187 0.0347 0.6944 27 
*1 13.3 0.0511 0.2049 0.0322 0.7118 28 
*1 13.8 0.0509 0.2107 0.0245 0.7139 29 
*1 14.3 0.0501 0.1991 0.0317 0.7190 30 
*1 14.8 0.0541 0.2056 0.0212 0.7191 31 
*1 15.3 0.0596 0.2131 0.0287 0.6986 32 
*1 15.8 0.0576 0.2134 0.0337 0.6953 33 
*1 16.3 0.0539 0.2148 0.0344 0.6968 34 
*1 16.8 0.0530 0.2086 0.0271 0.7113 35 
*1 17.3 0.0551 0.2096 0.0275 0.7078 36 
*1 17.8 0.0588 0.2072 0.0269 0.7071 37 
*1 18.3 0.0582 0.2151 0.0305 0.6962 38 
*1 18.8 0.0601 0.2139 0.0306 0.6954 39 
*1 19.3 0.0540 0.2149 0.0308 0.7003 40 
*1 19.8 0.0619 0.2028 0.0226 0.7127 41 
*1 20.3 0.0735 0.2049 0.0268 0.6947 42 
*1 20.7 0.0836 0.2065 0.0337 0.6761 43 
*1 21.2 0.1067 0.1940 0.0267 0.6726 44 
*1 21.7 0.1474 0.1991 0.0226 0.6309 45 
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*1 22.2 0.1895 0.1711 0.0178 0.6216 46 
*1 22.7 0.2510 0.1601 0.0211 0.5677 47 
*1 23.2 0.3243 0.1339 0.0133 0.5285 48 
*1 23.7 0.4008 0.1111 0.0152 0.4730 49 
*1 24.2 0.4611 0.0932 0.0076 0.4382 50 
*1 24.7 0.5153 0.0876 0.0164 0.3807 51 
*1 25.2 0.5443 0.0758 0.0109 0.3690 52 
*1 25.7 0.5935 0.0589 0.0082 0.3394 53 
*1 26.2 0.6409 0.0513 0.0013 0.3091 54 
"'I 26.7 0.6737 0.0432 0.0003 0.2833 55 
*1 27.2 0.7174 0.0328 0.0025 0.2523 56 
*1 27.7 0.7523 0.0191 0.0001 0.2285 57 
*1 28.2 0.8049 0.0144 0.0162 0.1968 58 
*1 28.7 0.8185 0.0057 0.0095 0.1853 59 
*1 29.1 0.8356 0.0056 0.0151 0.1738 60 
*1 29.6 0.8351 0.0007 0.0065 0.1720 61 
*1 30.1 0.8622 0.0010 0.0215 0.1583 62 
*1 30.6 0.8487 0.0024 0.0095 0.1633 63 
*1 31.1 0.8640 0.0012 0.0098 0.1469 64 
*1 31.6 0.8490 0.0003 0.0143 0.1656 65 
*1 32.1 0.8498 0.0022 0.0077 0.1601 66 
*1 32.6 0.8592 0.0010 0.0131 0.1548 67 
*1 33.1 0.8553 0.0009 0.0070 0.1526 68 
*1 33.6 0.8529 0.0020 0.0128 0.1620 69 
*1 34.1 0.8609 0.0008 0.0155 0.1538 70 
*1 34.6 0.8557 0.0016 0.0100 0.1558 71 
*1 35.1 0.8551 0.0001 0.0103 0.1553 72 
*1 35.6 0.8625 0.0028 0.0102 0.1505 73 
*1 36.1 0.8423 0.0025 0.0082 0.1684 74 
*1 36.6 0.8626 0.0011 0.0072 0.1457 75 
*1 37.0 0.8638 0.0023 0.0152 0.1536 76 
*1 37.5 0.8633 0.0001 0.0143 0.151i 77 
*1 38.0 0.8676 0.0020 0.0162 0.1506 78 
*1 38.5 0.8424 0.0027 0.0077 0.1680 79 
*1 39.0 0.8679 0.0012 0.0093 0.1426 80 
*1 39.5 0.8701 0.0016 0.0145 0.1460 81 
*1 40.0 0.8693 0.0003 0.0219 0.1529 82 
*1 40.5 0.8589 0.0014 0.0074 0.1499 83 
*1 41.0 0.8477 0.0007 0.0097 0.1627 84 
*1 41.5 0.8651 0.0014 0.0164 0.1526 85 
*1 42.0 0.8577 0.0006 0.0133 0.1550 86 
*1 42.5 0.8631 0.0023 0.0145 0.1538 87 
*1 43.0 0.8599 0.0004 0.0158 0.1556 88 
*1 43.5 0.8585 0.0005 0.0080 0.1501 89 
*1 44.0 0.8579 0.0021 0.0037 0.1479 90 
*1 44.5 0.8507 0.0014 0.0143 0.1650 91 
*1 45.0 0.8585 0.0003 0.0085 0.1503 92 
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rumble3circle2 2 
MN MG CA FE 

*1 0.0 0.3459 0.0001 0.3814 0.2726 1 
*1 0.3 0.3501 0.0003 0.3748 0.2748 2 
*1 0.7 0.3473 0.0005 0.3762 0.2759 3 
*1 1.0 0.3452 0.0002 0.3752 0.2794 4 
*1 1.4 0.2522 0.0003 0.5446 0.2029 5 
*1 1.7 0.2522 0.0003 0.5446 0.2029 6 
*1 2.0 0.2522 0.0003 0.5446 0.2029 7 
*1 2.4 0.3482 0.0009 0.3716 0.2793 8 
*1 2.7 0.3511 0.0006 0.3696 0.2787 9 
*1 3.0 0.3459 0.0008 0.3745 0.2787 10 
*1 3.4 0.3503 0.0002 0.3685 0.2810 11 
*1 3.7 0.3532 0.0003 0.3710 0.2755 12 
*1 4.1 0.3527 0.0004 0.3744 0.2725 13 
*1 4.4 0.3484 0.0008 0.3725 0.2783 14 
*1 4.7 0.3444 0.0009 0.3622 0.2925 15 
*1 5.1 0.3280 0.0011 0.3270 0.3438 16 
*1 5.4 0.2964 0.0041 0.2458 0.4537 17 
*1 5.7 0.2655 0.0098 0.1439 0.5808 18 
*1 6.1 0.2413 0.0182 0.0666 0.6739 19 
*1 6.4 0.2363 0.0148 0.0327 0.7163 20 
*1 6.8 0.2261 0.0196 0.0190 0.7353 21 
*1 7.1 0.2329 0.0219 0.0136 0.7316 22 
*1 7.4 0.2268 0.0225 0.0159 0.7349 23 
*1 7.8 0.2302 0.0169 0.0148 0.7380 24 
*1 8.1 0.2231 0.0255 0.0137 0.7378 25 
*1 8.4 0.2214 0.0264 0.0141 0.7380 26 
*1 8.8 0.2195 0.0304 0.0133 0.7367 27 
*1 9.1 0.2220 0.0251 0.0138 0.7391 28 
*1 9.4 0.2180 0.0228 0.0154 0.7438 29 
*1 9.8 0.2274 0.0218 0.0130 0.7379 30 
*1 10.1 0.2203 0.0250 0.0115 0.7432 31 
*1 10.5 0.2210 0.0226 0.0135 0.7429 32 
*1 10.8 0.2176 0.0281 0.0123 0.7419 33 
*1 11.1 0.2249 0.0233 0.0123 0.7395 34 
*1 11.5 0.2206 0.0283 0.0109 0.7403 35 
*1 11.8 0.2210 0.0253 0.0115 0.7421 36 
*1 12.1 0.2201 0.0211 0.0114 0.7474 37 
*1 12.5 0.2199 0.0250 0.0136 0.7415 38 
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APPENDIX - m 

EXAMPLE OF A D-MATRIX OF GARNET 

An example of the D matrix for a natural garnet sample from the Barrovian 

zone (from Dempster, 1985) is shown below. 

Mn Mg Fe 

Mn 8.38E-20 -9.91E-23 -4.6SE-21 

Mg -2.78E-21 7.26E-21 -S.81E-23 

Fe -7. 16E-20 -4.81E-23 1. 19E-20 

The diffusion coefficients are in cm2/sec and calculated for a garnet composition 

intermediate between the core and the rim for sample # GL 712 (Alm:0.79 Py:0.06 

Sp:0.10 Gr:0.05) at 600°C, 5 Kb, f02 = graphite-02 buffer with Ca as the dependent 

component. The Djj elements were obtained using the diffusion data in table 2 (set a). 

It should be noted that although the numerical values of the DIj elements in the above 

matrix depend on the choice of the dependent component, the flux of any cation 

computed using these elements is independent of the choice. The qualitative property 

of the D matrix with relatively large off-diagonal terms shown above is not a special 

characteristic of the chosen garnet composition, but is valid for any garnet with 

significant concentrations of more than two divalent cations. 
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APPENDIX - IV 

ILLUSTRATIVE EXAMPLE OF CALCULATION OF EBDC FOR 

EXPERIMENTAL DIFFUSION PROFILES 

We illustrate below the calculation of the D matrix and EBDC of Mn for an 

average Fe-rich composition fitted by calculated diffusion profiles (e.g. Fig. m.6). The 

chosen composition is XFc = 0.61, XMo = 0.20, XMg = 0.18 and Xc. = 0.01. The 

compositional derivative BC/BCj at any concentration within the diffusion zone is 

constant for a diffusion couple (Cooper, 1968) and therefore may be calculated as 

follows: 

XFt(Alm) - XFt(Spes) 

XMn(Alm) - XMn(Spes) 
0.80 - 0.05 _ -0.80 
0.00 - 0.94 
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and similarly BCM/BCMn = -0.20. Using the tracer diffusion data summarized in Table 

II we obtain D*Mn = 2.S8E-12, D*MB = 8.21E-13 and D*Fe = 7.93E-13 cm2/sec at the 

annealing condition of 41 kb, 1480 °C of the diffusion couple. Thus from eqn. 1.10 the 

D matrix at the specified P, T, X condition is calculated to be as follows: 

Mn 

Mn 1.60E-12 

Mg -2.80E-13 

Fe -9.18E-13 

Mg 

-1.90E-13 

7.67E-13 

-1.78E-13 

Fe 

-1.78E-13 

-S.09E-13 

6.27E-13 

where the matrix elements are in cm2/sec. Consequently, from eqn. Ill.ll 

Dlln(EB) - D + D (~CMg) + D (~CFa) 
m, Mn-Mn Mn-Mg ~C Mn-Fa ~C 

Mn Mn 
- 16.0e-13 + (-1.9Oe-13)(-O.20) + (-1.78e-13)(-O.80) (AI 
- 1.7e-12cm2/sec 

DMn(expt) - l.S3e-12cm 2/sec 
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