
















































































































































































































































































































































































































































































































































































































































































































































Appendix B: Assessment of Precision and Accuracy of Data 
Table A3 Precision and accuracy for standards used in this study for XRF and solution ICP-
MS analyses. R.S.D. is the standard deviation divided by the mean. Percent difference is 
calculated as: [(average-knownlknown)*100]. Known values from Govindaraju, 1994. BR-
688 MUN average from ICP-MS runs 161-191 (2001-2002). 

XRF 
n=4 Standard Stud:l R.S.D. {%}Known % Diff 
(wt %) 
Si02 BHV0-1 49.15 0.1 49.94 -1 .58 
A120 3 SY-2 12.57 0.3 11 .75 +6.98 
Ti02 BHV0-1 2.79 0.1 2.71 +2.95 
Fe20 3T SY-2 6.31 0.2 6.31 0.00 
MgO BHV0-1 49.58 0.1 49.58 0.00 
MnO SY-2 0.3 0.8 0.32 -6.25 
CaO SY-2 8.09 0.1 8.026 +0.80 
Na20 SY-2 4 .22 0.3 4 .31 -2.09 
K20 SY-2 4 .17 0.6 4.23 -1.42 
P20s SY-2 0 .52 1.0 0.54 -3.70 

(ppm) 
Sc BHV0-1 33 18.8 32 +3.13 
v BHV0-1 317 0.9 317 0.00 
Cr DTS-1 3990 0.1 3990 0.00 
Ni DTS-1 2360 0.5 2360 0.00 
Cu BHV0-1 137 0.8 136 +0.74 
Zn BHV0-1 101 1.1 105 -3.81 
Sr SY-2 271 0.6 271 0.00 
Rb SY-2 220 0.3 217 +1 .38 
Ba SY-2 450 1.4 460 -2.17 
y SY-2 118 0.2 128 -7.81 
Nb SY-2 34.4 0.4 29 +18.62 
Zr SY-2 296 0.7 280 +5.71 

ICP-MS BR-688 
n-4 Study R.S.D.% MUN avg % Diff Study R.S.D.% MUN avg % Diff 

REE Traces 
(ppm) (ppm) 
La 4.91 4.41 4 .98 -1.49 y 16.77 3.07 17.81 -5.81 
Ce 11.23 3.76 11.55 -2.80 Zr 65.03 4 .93 59.15 +9.94 
Pr 1.60 3.41 1.65 -2.91 Nb 5.55 5.68 4.87 +14.00 
Nd 7.90 2.31 8 .03 -1.58 Ba 203.63 2.99 163.33 +24.67 
Sm 2.34 1.57 2.30 +1 .57 Hf 1.75 5.51 1.54 +13.93 
Eu 0.99 1.40 0.94 +5.11 Ta 0.28 13.78 0.18 +56.39 
Gd 3.06 0.27 2.88 +6.39 Th 0.33 5 .26 0 .33 +1 .06 
Tb 0.52 2.91 0.48 +8.02 
Dy 3.49 3.15 3.21 +8.74 
Ho 0.70 0.23 0.70 -0.71 
Er 2.07 0.30 2.10 -1 .31 
Tm 0 .30 0.68 0.30 +0.50 
Yb 2.04 1.86 2.00 +1.88 
Lu 0.32 1.02 0.30 +7.00 MUN average of BR-688 runs 161-191 {2001-2002) 
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Appendix B: Assessment of Precision and Accuracy of Data 

Table A4 Precision and accuracy for standard BCR 2G analyses by LAM-ICP-MS. R.S.D. 
is the standard deviation divided by the mean. Percent difference is calculated as: [(average-
knownlknown)*100]. Known values from Govindaraju, 1994. BCR 2 MUN average from 
LAM-ICP-MS analyses from 1996-2002 (n = 235). 

LAM-ICP-MS BCR 2 
n = 35 Study % R.S.D. MUN avg % Diff 

REE 
(ppm) 

La 22.16 5 24.48 +3.24 
Ce 48.90 4 52.19 +2.62 
Pr 5.93 4 6.43 +5.89 
Nd 25.25 3 27.25 +4.83 
Sm 5.54 9 6.09 +8.72 
Eu 1.73 5 1.86 +6.93 
Gd 5.37 7 6.28 +7.71 
Tb 0.80 32 1.10 -5.65 
Dy 5.33 6 5.84 +8.54 
Ho 1.02 10 1.14 +11.49 
Er 2.92 11 3.38 +7.74 
Tm 0.42 12 0.49 +8.63 
Yb 2.94 8 3.32 +0.62 
Lu 0.41 9 0.49 +3.88 

Traces 
(ppm) 

Sc 32.14 5 31 .88 +2.21 
v 413.6 4 411 .1 -1.02 
Cr 15.51 9 16.00 0.00 
Co 38.05 4 37.27 -0.72 
Ni 10.61 25 10.17 +21.81 
Cu 15.59 8 17.54 +7.68 
Zn 154.0 9 149.0 -15.06 
Sr 315.3 4 323.1 +4.11 
y 27.53 6 30.60 +5.88 
Rb 42.95 12 44.50 +5.82 
Zr 145.8 9 168.8 +8.46 
Nb 11.47 9 12.71 +3.30 

EPMA 
Na Mg AI Si K Ca Ti Mn Fe 

Precision .040 .018 .015 .015 . 020 .021 .025 .035 .040 
Factor (F) 

Where 1 o = F*v'concentration 
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Figure A1 Estimation of accuracy for: a) XRF; b) solution ICP-MS; and c) LAM-ICP-MS. 
Results presented as percent relative difference [(mean determination- known)/(known)* 
100%]. Known values from: a) Govindaraju (1994), b) MUN average from run 161-191 
and c) MUN average BCR-2 values from 1996-2002 (n = 235). 
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Figure A2 Representative LAMTRACE signal intensity (counts per second) vs time (seconds) 
plots for the five minerals analysed in this study. Final data were calculated by subtracting the 
integral of the signal from the integral of the background (indicated by red arrows between red 
vertical lines). Black dashed line denotes time at which laser was switched on. 
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Appendix C: Singular Value Decomposition Analysis 

Appendix C: Singular Value Decomposition Analysis 

Calculation of the mass balance of the inferred epidote-out reaction isograd in 

this thesis was carried on by the method of singular value decomposition (SVD), which 

was introduced to geology with worked petrologic examples by Fisher (1989). SVD is 

based on a theorem of matrix analysis which says that any m by n matrix M can be 

expressed as the product of a column orthogonal matrix U, a diagonal n by n matrix W, 

and the transpose of an orthogonal n by n matrix V: 

M=lJWV'f Cl 

The number of non-zero diagonal terms in W (i.e., singular values) gives the rank 

of M, which is equivalent to the number of components (c) in the system. The columns 

of U correspond to the non-zero terms in W on an orthonormal basis for the composition 

space of M. The columns of V correspond to the zero diagonal elements of W on an 

orthonormal basis for the null space (i.e., reaction space) ofM. Thus the reaction 

coefficients are given by the last column ofV, or the last row of VI'. 

The SVD of a matrix can be computed using various commercial software 

packages such as Mathematica®, which was used for the calculations in this thesis. The 

initial assumptions and starting compositions of the phases used in the SVD analysis are 

given in section 6. 6.1. They result in the composite composition matrix M shown in 

Table C. I. 
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Ca amp46 Pl46 Ep46 Ttn46 Caamp49 Pl49 Ttn49 

Ti 0.11 0.00 0.00 0.94 0.12 0.00 0.93 

Al 2.11 1.31 2.30 0.05 2.26 1.40 0.07 

Fe3+ 0.02 0.00 0.81 0.00 0.29 0.00 0.01 

FeMgMn 4.48 0.02 0.01 0.01 4.18 0.03 0.00 

Ca 1.76 0.34 2.03 1.01 1.94 0.48 0.99 

NaK 0.61 0.68 0.00 0.00 0.79 0.47 0.00 

Table C.1. Composition matrix formed by the phases in the inferred reaction isograd 

(columns) and the independent major-element components used to describe them (rows). 

Subscripts 46 and 49 refer to sample numbers of epidote amphibolite and plagioclase 

amphibolite respectively used in the reaction mass balance. Choice of independent 

components is discussed in the text. 

The results of SVD analysis of this 7 phase by 6 component matrix are listed in 

Table A5. The number of singular values given by W is 6, indicating a rank of 6, which 

suggests that a univariant relationship exists between assemblages 46 and 49, therefore 

implying a mass balance. Since a univariant relationship exists for this 6 component, 7 

phase system, there is no need to create a model matrix of lower rank to satisfy the mass 

balance condition of univariance as required by the phase rule. 

As a side note, if this had been necessary, as is sometimes the case (see Gordon et 

al., 1991; Hartel and Pattison, 1996), a model matrix M' could have been calculated by 
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setting the smallest singular value ofW to zero and then multiplying through by U and 

-yT following equation C 1. A measure of the adequacy of the model matrix M' could 

have been evaluated by computing residuals resulting from the subtraction of M from M'. 

In tum, the residuals would then have been be evaluated against a matrix <J consisting of 

analytical uncertainties by computing the ratio of the residuals to the analytical 

uncertainties of each element in each phase, giving a matrix d. In general, if the values 

of d are within three times the 1 cr analytical uncertainties, the model matrix M' is 

considered an adequate representation of M . If this is the case, M' can be then evaluated 

using SVD analysis. 

These steps were avoided in the SVD analysis used in this thesis by simplifying 

the components in Mat the outset, as follows. The major-element compositions of 

phases in samples 46 and 49 were chosen to represent assemblages below and above the 

epidote-out isograd. Both samples contain quartz, i.e., Si02-saturated, so Si was omitted 

from the composition matrix M. Similarly, the assumption was made that both 

assemblages coexisted with an H20-rich fluid phase at the time of their crystallization, 

rendering the activity of H20 unity in both assemblages. Both these assumptions 

underpin the widely used ACF diagram for metabasites and its proven utility over many 

decades indicates that they are not unrealistic in many metabasites. In addition, since Ca 

amphibole is the only phase that contains appreciable FeMg, the components were added. 

Finally, Mn and K, both present in negligible amounts, were included with FeMg and Na 
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respectively. 

Since M' was not computed in this analysis, there are no residuals to compare to 

M. Thus, the adequacy of the model univariant mass-balance reaction was evaluated by 

summing the absolute values of the deviations from perfect mass balance for all 

elements, and comparing those values with the summed values arising from analytical 

uncertainties (see Table 6.3). All deviations were within three times lu analytical 

uncertainty so the mass balance was accepted. 

The stoichiometrically-balanced model reaction was then used to evaluate the 

redistribution of REE and other trace elements across the epidote-out isograd. This was 

done by multiplying reaction coefficients by REE and trace-element concentrations for 

each phase on both sides of the reaction. The relative differences in the sum of REEs 

and trace elements between the reactant and product sides of the reaction were used to 

measure the adequacy of the mass balance (Tables 6.4 and 6.5). 
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Table A5 Results of SVD analysis of compositional matrix M (see text) in the form of 
M = UWVT using the computer software Mathematica. Singular values italicized. 
Reaction coefficients underlined. 

M 
Ca amp46 Pl4s Ep46 Ttn46 Ca amp4a P149 Ttn49 

Ti 0.11 0.00 0.00 0.94 0.12 0.00 0.93 
AI 2.11 1.31 2.30 0.05 2.26 1.40 0.07 
Fe~ 0.02 0.00 0.81 0.00 0.29 0.00 0.01 
FeMgMn 4.48 0.02 0.01 0.01 4.18 0.03 0.00 
Ca 1.76 0.34 2.03 1.01 1.94 0.48 0.99 
NaK 0.61 0.68 0.00 0 .00 0.79 0.47 0.00 

u 

-0.0347114 0.1043650 0.6636270 -0.5028610 -0.0629775 -0.5391350 
-0.4968610 0.5561890 -0.4937540 -0.1606760 -0.3073350 0.2823440 
-0.0540091 0.1935990 -0.0201961 0.4762660 0.6883050 0.5085290 
-0.7464170 -0.6515780 0.0470096 0.0822008 -0.0021870 0.0966249 
-0.4156550 0.4663720 0.5209680 0.2423390 0.0709380 -0.5239840 
-0.1382020 0.0149880 -0.2044050 -0.6549800 0.6502140 -0.2951550 

w 

7.770800 0.000000 0.000000 0.000000 0.000000 0.000000 
0.000000 3.026390 0.000000 0.000000 0.000000 0.000000 
0.000000 0.000000 1.771940 0.000000 0.000000 0.000000 
0.000000 0.000000 0.000000 0.931580 0.000000 0.000000 
0.000000 0.000000 0.000000 0.000000 0.220667 0.000000 
0.000000 0.000000 0.000000 0.000000 0.000000 0.016199 

vr 

-0.6708550 -0.1159620 -0.2622350 -0.0623807 -0.6663800 -0.1264310 -0.0616540 
-0.2974500 0.2922070 0.7851810 0.1950940 -0.1590470 0.3271280 0.1981360 
0.0189584 -0.3429820 -0.5302570 0.6353300 0.0020271 -0.3024090 0.6197520 
0.0111877 -0.6138320 0.5463730 -0.2524090 0.0117523 -0.4444050 -0.2514330 
-0.5888870 0.2882600 -0.0242917 -0.0133230 0.6326960 -0.4109320 -0.0134624 
-0.2565330 -0.4356050 -0.0877330 -0.4539280 0.2751790 0.4904760 0.4630350 

0.256533 Ca amp46 + 0.435605 Pl46 + 0.087733 Ep46 + 0.453928 Ttn46 
= 0.275179 Ca amp49 + 0.490476 Pl49 + 0.463035 Ttn49 

Normalizing reaction coefficients to coefficient for Ca amp46, the model reaction is: 

1.00 Ca amp46 + 1. 70 Pl46 + 0.34 Ep46 + 1. 77 Ttn46 = 1.07 Ca amp49 + 1. 92 P149 + 1.80 Ttn4a 
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