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Table 6. First set of experiments (TO, Tl , T2, T3, T4, TS, T6, T7 and T8). 
T O (n=3) T1 (n=3) T2 (n- 3) T3 (n- 2) T4 (n- 3) TS (n- 3) T6 (n- 2) T 7 (n=3) TS (n=3) 

E lement X s ( X ) X s ( X ) X s ( X ) X s (X ) X s(x ) X s ( X ) X s ( X ) X s ( X ) X 
Li 1.02 0.07 1.12 0.13 1.08 0.01 1.00 O.o3 1.18 0.08 7.94 6.81 1.10 0.03 1.35 0.22 0.65 
T i 65 4.1 53 1.0 66 3.4 58 5.0 54.2 1.3 53 4.3 61 8.5 56 4.4 53 
v 8.11 0.19 7.96 0.12 8.46 0.22 8.53 0.17 8.49 0.47 7.35 0.29 7.53 0.31 8.28 0.53 7.93 
Cr 3.4 0.4 3.2 0.4 4.3 0.1 5.1 0.7 4.0 0.4 4.1 0.3 3.3 0.3 4.0 0.6 62 
Rb 1.35 0.30 0.67 0.20 0.55 0.01 0.99 0.44 1.06 0.47 0.83 0.15 0.72 0.21 0.72 0.22 0.75 
Sr 5.60 0.19 6.05 0.18 9.80 3.63 6.13 0.11 7.06 0.48 6.61 0.27 6.44 0.27 7.25 0.39 6.02 
y 3.99 0.03 4.13 0.09 4.25 0.07 4.25 0.01 4.54 0.24 4.04 0.15 4.08 0.12 4.61 0.27 4.28 
Z r 5.69 0.36 5.36 0.24 5.68 0.14 5.44 0.11 5.59 0.44 5.32 0.37 6.35 0.25 5.78 0.61 6.99 
Nb 1.65 0.08 1.57 0.02 1.61 0.02 1.67 0.02 1.74 0.12 1.72 0.06 1.73 0.07 1.94 0.14 1.73 
Mo 0.37 0.11 0.35 0.10 0.63 0.01 0.54 0.10 0.92 0.22 1.15 0.09 0.83 0.10 1.08 0.13 0.82 
Cs 0.38 0.02 0.19 0.01 0.43 0.05 0.40 0.02 0.33 0.02 0.24 0.01 0.21 0.01 0.21 0.02 0.06 
Ba 8.41 1.40 8.74 0.39 22.46 8.77 8.92 0.40 9.38 0.63 9.44 0.78 8.20 0.75 7.86 0.73 9.74 
L a 1.81 0.12 2.10 0.24 2.12 0.19 1.80 0.002 2.14 0.17 2.05 0.16 1.84 0.06 2.02 0.02 1.97 
Ce 3.79 0.26 4.09 0.27 4.12 0.21 3.75 0.02 4.13 0.23 3.94 0.23 3.96 0.11 4.21 0.10 3.99 
Pr 0.38 0.02 0.47 0.03 0.49 0.04 0.41 0.02 0.49 0.02 0.47 0.03 0.44 0.01 0.48 0.01 0.47 
Nd 1.53 0.03 1.86 0.14 1.97 0.13 1.66 0.04 2.20 0.19 2.08 0.12 1.96 0.06 2.13 0.12 1.95 
Sm 0.27 0.03 0.40 0.03 0.42 0.02 0.40 0.003 0.55 0.09 0.64 0.04 0.50 0.01 0.62 0.08 0.46 
Eu 0.13 0.01 0.15 0.01 0.18 0.01 0.17 0.004 0.20 0.02 0.22 0.01 0.14 0.01 0.23 0.01 0.16 
Gd 0.49 0.03 0.55 0.03 0.59 0.01 0.57 0.009 0.68 0.06 0.64 0.03 0.49 0.01 0.65 0.04 0.54 
Tb 0.07 0.004 0.07 0.003 0.08 0.003 0.08 0.10 0.01 0.10 0.005 0.09 0.004 0.10 0.01 0.08 
Dy 0.51 0.01 0.52 0.02 0.58 0.01 0.55 0.0004 0.63 0.04 0.65 0.02 0.55 0.02 0.68 0.06 0.61 
Ho 0.12 0.01 0.13 0.002 0.14 0.004 0.13 0.002 0.15 0.01 0.15 0.004 0.13 0.01 0.16 0.01 0.14 
Er 0.36 0.02 0.41 0.01 0.44 0.005 0.43 0.0004 0.52 0.04 0.53 0.02 0.47 0.01 0.54 0.03 0.52 
T m 0.05 0.01 0.07 0.01 0.08 0.01 0.08 0.004 0.09 0.005 0.09 0.01 0.08 0.01 0.10 0.01 0.10 
Yb 0.36 0.02 0.40 0.02 0.43 0.003 0.46 0.01 0.52 0.05 0.51 0.02 0.44 0.03 0.54 0.05 0.50 
L u 0.05 0.01 0.06 0.01 0.07 0.002 0.07 0.0004 0.08 0.01 0.09 0.004 0.07 0.001 0.09 0.01 0.06 
Hf < 0.11 * < 0.11* < 0.11* < 0.11* 0.16 0.07 0.20 0.01 <0.29* <0.29* 0.04 
T a 1.59 0.03 1.58 0.01 1.66 0.03 1.54 0.06 1.60 0.07 1.47 0.05 1.50 0.04 1.69 0.10 1.68 
T l <0.04* <0.04* <0.04* <0.04* <0.12* <0.12* <0.12* <0.12* <0.12* 
Pb < 1.89* <1.89* < 1.89* <1.89* <0.40* <0.40* <0.40* <0.40* <0.40* 
Bi <0.02* <0.02* <0.02* <0.02* <0.08* 0.005 <0.08* <0.08* <0.08* <0.08* 
T h 0.07 0.01 0.06 0.01 0.08 0.01 0.06 0.001 0.08 0.02 0.09 0.01 0.07 0.01 0.07 0.01 0.07 
u 0.06 0.003 0.07 0.01 0.08 0.004 0.08 0.003 0.09 0.002 0.09 0.01 0.07 O.Ql 0.09 0.01 0.08 
Note that concentrations umts are ppm. • Concentrat10ns_showmg symbol< correspond to amounts below the L.D. of the mstrument. It was not poss1ble to deterrnme several elemental 
concentrations (<L.D.); therefore, their correspondent s(T) was not determined either. 

s ( X ) 
0.39 
2.8 

0.32 
57 

0.58 
0.15 
0.21 
1.40 
0.09 
0.12 
0.06 
0.63 
0.13 
0.23 
0.04 
0.18 
0.08 
0.01 
0.01 
0.003 
0.04 
0.003 
0.05 
0.01 
0.02 
0.01 
0.02 
0.10 

0.006 
0.014 



Table 7. First set of experiments (using lOX dilution). 

TO-lOX (n=3) TI-IOX (n=3) T2-IOX (n=3) T3-IOX (n=2) T4-IOX (n=3) TS-IOX (n=3) T6-IOX (n=2) T7-IOX (n=3) T8-IOX (n=3) 
Element X s( X) X s( X ) X s (X) X s(x) X s (Xl X s (X) X s ( i;) X S(Xl X s(x) 

Li 0.72 0.05 1.33 0.09 1.38 0.07 0.5 1 0.38 0.99 0.15 1.54 0.23 1.96 0.16 1.76 0.54 0.02 0.72 
Ti 62.5 7.45 46.1 3.47 56.6 1.70 60.2 12.1 46.9 1.40 46.5 3.61 57.9 9.08 51.2 1.56 54.8 0.63 
v 8.19 0.08 6.92 0.36 7.22 0.13 7.20 O.D7 7.41 0.08 6.64 0. 14 7.60 0.31 7.56 0.09 8.04 0.24 

C r 1.44 0.70 49 3.49 58 1.54 69 4.20 104 7.2 106 4.3 183 16.5 140 1.5 192 17.3 
Rb <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D• 0.03 0.78 
Sr 3.66 0.56 6.43 0.13 9.87 3.71 5.60 0.23 5.31 0. 11 5.57 0. 14 5.62 0.12 5.85 0.13 6.48 0.11 
y 4.10 0. 10 4.06 0.11 4.24 0.06 4.22 0.17 3.92 0.06 3.97 0.11 3.97 0.04 3.97 0.05 4.39 O.D7 
Zr 5.26 0.3 1 4.95 0.26 5.38 0. 12 8.30 3.39 4.57 0.09 5.22 0.50 5.50 0.12 4.90 0.45 6.83 0.97 
Nb 1.65 0.09 1.78 0.07 1.81 0.02 1.83 0.05 1.62 O.o3 1.76 0.07 1.79 0.01 1.76 0.02 1.87 0.03 
Mo <L.D• <L.D* <L.D.* <L.D* <L.D* <L.D* <L.D* <L.D• 1.04 0.10 
Cs <L.D* <L.D* <L.D• <L.D* <L.D* <L.D* <L.D* <L.D• 0.00 0.08 
Ba 6.44 1.67 9.93 1.10 12.53 4.24 8.14 0.50 8.20 0.34 11.64 2.18 8.61 0.83 8.08 0.58 9.99 0.67 
La 1.80 0.13 2.11 0.21 2.12 0.17 1.87 0.11 1.86 0.07 2.04 0.12 1.80 O.o3 1.77 0.11 1.97 0.07 
Ce 4.07 0.27 4.31 0.29 4.45 0.26 4.13 0.15 3.98 0.03 4.48 0.22 4.12 0.03 3.90 0.16 4.22 0.08 
Pr 0.29 0.01 0.50 0.03 0.50 0.03 0.41 0.02 0.39 0.01 0.41 0.01 0.38 0.005 0.39 0.02 0.44 0.03 

d 0.12 0.26 1.99 0.08 1.99 0. 16 1.43 0.20 1.38 0.04 1.52 0.09 1.45 0.06 1.44 0.13 1.87 0.15 
Sm <L.D* <L.D* <L.D* <L.D• <L.D* <L.D* <L.D• <L.D.* 0.45 0.08 
Eu <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* 0. 17 0.02 
Gd <L.D.* 0.55 0.03 0.55 0.02 <L.D• <L.D* <L.D* <L.D• <L.D• 0.56 0.04 
Tb <L.D.* 0.08 0.01 0.08 <L.D.• <L.D.• <L.D* <L.D* <L.D.* 0. 10 0.01 
Dy <L.D* 0.60 0.03 0.6 1 0.01 0.53 0.06 0.48 0.01 0.47 0.03 0.46 0.0 1 0.50 0.01 0.61 0.04 
Ho <L.D* 0.14 0.01 0.14 0.003 0.12 0.01 0. 10 0.004 0. 11 0.004 0. 10 0.01 0. 12 0.003 0.14 0.01 
Er <L.D* 0.06 0.47 0.03 0.45 0.003 0.41 0.04 <L.D* 0.36 0.003 0.36 0.02 0.37 0.01 0.46 0.05 
Tm <L.D• 0.10 0.03 0.08 0.01 <L.D• <L.D* <L.D• <0.07 <L.D· 0.09 0.02 
Yb <L.D.* 0.42 0.01 0.42 0.02 <L.D* <L.D* <L.D* <L.D* <L.D.* 0.47 0.02 
Lu <L.D* <L.D• <L.D* <L.D* <L.D* <L.D* <L.D• <L.D* 0.06 0.004 
Hf <L.D* <L.D* <L.D• <L.D.* <L.D* <L.D.* <L.D* <L.D.• 0.09 0.02 
Ta 1.49 0.03 1.47 0.08 1.88 0.02 1.59 0. 15 1.44 0.01 1.44 0.05 1.72 O.DI 1.72 0.0 1 2.06 0.09 
Tl <L.D* <L.D* <L.D.* <L.D• <L.D* <L.D• <0. 111 <L.D.• 0.04 0.02 
Pb <L.D* 0.48 0. 15 0.54 0.11 <L.D.• 0.36 0.06 <L.D.• <L.D* <L.D• 0.41 0.02 
Bi <L.D* <L.D* <L.D.• <L.D• <L.o• <L.D* <L.D• <L.D• 0.09 O.D7 
Th <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D• <L.D• 0.06 0.01 
u <L.D.• 0.10 0.03 0.08 0.01 <L.D.• <L.o• <L.D.• <L.D* <L.D• 0.08 0.01 

Note that concentrations umts are ppm. • Concentrations showmg symbol< correspond to amounts below the L.D. of the mstrument. It was not possible to deterrnme several elemental 
concentrations (<L.D.); therefore, their correspondent s (X) was not determined either. 



Table 8. t-Test for first set of experiments. 

E lement TO-T I TO-T2 TO-T3 TO-T4 TO-TS TO-T6 TO- T 7 TO-T8 

L i 0 .70 0 .82 -0.29 1.51 1.02 0 .64 1.45 -0.94 

T i -2.99 0 .05 -0.95 -2 .56 -2 .07 - 1.13 - 1.48 -2.53 

v -0.68 1.1 8 1.48 0 .74 -2. 19 -2 .44 0 .30 -0.49 

Cr -0.35 2 . 15 1.80 0 .92 1.41 -0.52 0 .73 1.02 

R b - 1.90 -0.07 -0.58 -0.52 - 1.57 - 1.98 - 1.69 -0.9 1 

Sr 1.73 1. 16 2 .30 2 .85 3 .08 1.9 1 3 .77 1.72 

v 1.35 3 .32 7.47 2 .30 0 .27 -7.25 2 .29 1.32 

z .- -0.75 -0.02 -0.63 -0 . 16 -0.72 1.02 0 . 14 0 .90 

Nb -1.02 - 0 .57 0 .23 0 .63 0 .70 0 .08 1.76 0 .60 

Mo -0. 1 1 2 .34 1.00 2 .2 1 5 .62 0 .39 4 .2 1 2 . 7 1 

Cs - 8 .02 0 .97 0 .68 - 1.71 -5 .64 -7.27 -6.33 -5 .39 

Bn 0 .22 1. 58 0 .34 0 .63 0 .64 0 .27 -0.35 0 .87 

Ln 1.05 1.38 -0. 1 I 1.54 1. 16 -0. 10 1.63 0 .85 

Ce 0 .80 0 .97 -0. 17 1.00 0 .45 0 .2 1 1. 5 1 0 .57 

Pr 2 .39 2 .6 1 1.03 3 .96 2 .39 2 .35 4 .75 2 . 18 

Nd 2 .33 3 .33 2 . 19 3 .48 4 .26 5.49 5 .05 2 .3 1 

S n1 3 .22 4 . 18 3 .82 3 .05 6 .92 6 .63 4 .28 2 .25 

Eu 0 .99 3 .05 2 .70 2 .68 6 .37 0 .95 5 .55 -3 .02 

Gd 1.55 3 .38 2 .70 3 .0 1 3 .77 0 .30 3 .54 1.83 

Tb 1.1 2 1.83 2 .00 2 .38 5 .08 3 .52 3 .23 2 . 18 

D y 0 .63 4 .60 3 .25 2 .70 6 .7 1 1 .25 2 .92 2 .53 

H o 0 .52 1.39 0 .90 1.76 2 .3 1 0 .22 2 .26 2 .00 

Er 2 .58 4 .6 4 4 .73 3 .44 6 . 12 4 .33 5 .54 3 .06 

T m 1.58 2.43 2 .80 5 .20 3 .88 3 .09 3 .90 3 .50 

Yb 1.60 3.47 4 .5 1 2 .84 6 .03 2 .38 3 .68 5 .28 

L u 0 .82 3 .05 3 .83 3 . 14 5 .79 2 .89 3.41 1.47 

T n -0.32 1.70 -0.57 0 .2 1 - 1.86 -2.40 0 .96 0 .87 

T h - 1.09 0 .27 - 1.00 0 .35 0 .99 -0.23 -0.02 -0.45 

u 2.42 4 .05 4.4 1 8 .26 2 .92 1.46 2 .25 1.77 

Note that several elemental concentratiOns were <L.D and the1r t-Test value was not determmed e1ther. 

3.3.4 Second Set of Experiments 

The first set of experiments did not produce any clear trend in the data; however, 

Trials T2, T3, and T7 showed some improvements for the analyses of Sr andY. For that 

reason, the three variables tested in these trials (extra heating step, amount of HF added, 

and concentration of HF/H3B0 3) were considered in the second set of experiments. In 

these experiments, the mentioned variables were combined and evaluated. The new trials 

were done using sample CV-0-A and the reference materials MESS-2, SY-2, AGV-1, 

and NIST -688. MESS-2 is a marine sediment, SY -2 is a syenite, AGV is an andesite, and 

NIST -688 is a basalt (Govindaraju, 1989). Although these reference materials are neither 
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iron formations nor tailings, they were selected because they are known to have higher 

amounts of HFSE in their composition as compared to CV -0-A. Therefore, it should be 

possible to determine if the new trials produced a significant improvement when 

analyzing higher HFSE concentrations than in CV -0-A. These reference materials were 

also selected due to their availability and because they have been analyzed extensively by 

ICP-MS at MUN over the past 20 years. The new trials are described below: 

• T9: This trial involved adding 0.665 mL of the 0.906M HF/0.113 M H3B03 (instead 

of0.665 mL of 0.113M HF/0.453M H3B03). Then the sample in solution was heated. 

See the flow sheet of the trial in Appendix 19. 

• Tl 0: This trial involved the addition of 2 mL of HF (instead of 1 mL of HF). Also, it 

involved adding 0.665 mL ofthe 0.906M HF/0.113 M H3B03 mixture. As in trial T9, 

the sample was heated after the addition of the acid mixture. See the flow sheet of the 

trial in Appendix 20. 

It is important to note that the samples (CV -0-A, MESS-2, SY -2, AGV -1 , NIST-

688) were analyzed uti lizing the new trials (T9 and TlO) and the original procedure (TO). 

Then, the results of T9 and T1 0 were compared with the results of TO. The summary of 

these results is shown in Tables 9 to 13, while the complete set of results is given in 

Appendices 21 to 23 . The results generated in T9 and Tl 0 did not produce significant 

variations of the recoveries of HFSE. To further confirm these deductions, a t-Test was 

done and the results are shown in Table 14 (critical value was 2. 78, 4 degrees of freedom, 

95% confidence level). 

One significant difference for the HFSE was detected in sample CV -0-A. The t­

Test gave values of 4.8 for Zr and 5.9 for Ta. These results could suggest that there was 
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some improvement m the digestion of the sample when comparing trial TO and TlO. 

However, knowing that Zr and Hf are highly correlated, being almost always found 

together in minerals (as tetravalent elements with similar properties), it is expected to 

find a high t-Test value for Hf when the Zr t-value was also high. In the same way, Ta 

and Nb are generally found together in minerals (as pentavalent elements with similar 

properties). Therefore, it is expected to find a similar t-Test value for both elements. For 

these reasons, it was not considered that trials T9 and Tl 0 produced significant 

improvements for HFSE recoveries. Consequently, it was considered not relevant to plot 

these trials. 

Table 9. CV-0-A by trials TO, T9 and TlO. 

TO (n- 3) T9 ( n - 3) TIO ( n - 3) 

E le m e nt :I; ( Pilnl) s Cc> :z; (PI>m) s ( ~r:) :r (pp m) s ( ~r;) 

L i 17. 1 8.52 < L.D.• < L.D.* 
~r i 55.2 7.20 52.0 6.02 5 3 .7 1.98 

v 7 .24 0.25 6.90 0. 12 7.55 0 .3 1 

Cr 1610 136 1500 249 2000 11 2 

Rb < L . D.* < L.D.* < 2. 16 

Sr 4 .94 0. 18 5 .61 0 .65 4 .65 0 .34 

v 3.74 0 .0 1 3.97 0 .05 3 .85 0 .0 6 

z ,. 4.63 0. 15 4.80 0 .25 5 .78 0 . 18 

Nb 1.54 0. 10 1.60 0 .09 1.60 0 .05 

Mo < L.D.* < L.D.• < L .D .* 

Cs < L . D.* <L.o.• < L . D .* 

Ba 7 .70 0 .33 7.44 0.50 7.74 0.4 1 

L a 2.25 0 .20 2 .28 0 .29 1.79 0.05 

Ce 3.96 0. 14 4 .26 0.38 3.62 0. 10 

P r 0 .48 0 .01 0.46 0 .04 0.41 0 .02 

Nd 1.58 0.07 1.63 0 . 12 1.27 0 .09 

Sm 0 .55 < L .D .* <L .o .• 
Eu 0 . 15 0 .01 0 . 18 0.0 1 <L .o .• 
Gd 0 .30 0 .02 < L .D .* < L . D .* 

Tb < L . D .• < L. D .• <L .o .• 

Dy 0 .53 0 .03 0.55 0.05 0.47 0 .02 

Ho 0.1 1 0.0 1 0 . 12 0.01 0 . 10 0.0 1 

E o· 0 .35 0 .0 1 0 .37 0 .03 0 .32 0.04 

~rn1 0.08 0 .0 1 0 .08 < L .D .* 

Vb < L . D .* 0 .35 0 .03 < L.D.• 

L u < L . D .* <L .o .• < L . D .* 

1-l f < L . D .• < L .D .* < L.D.* 

Ta 7 .04 0 .33 6 .95 0.87 9 .5 1 0 .25 

T l < L . D .* < L .D.• < L.D.• 

Pb < L .D .* < L.D.* < L .D .• 

B i < L.D.* < L.D.• <L. o .• 

T h < 0.05 < L.D.* < L. D .• 

u 0 .05 0.0 1 < L . D .* < L.D . * 

• Concentrations below L.D. of the instrument. For those concentrations, the s( ::T:) was not determined (blank spaces). 
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Table 10. NIST -688 by trials TO, T9 and TlO. 

E lc n1c nt 

Ll 

Ti 
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C r 

ltb 

Sr 
y 

Zr 

Nb 

Mo 
c,. 
Jlu 

Lu 

C c 

Pr 

Nd 

S •n 

f: u 

G d 

Tb 

Dy 

lin 

Er .• ~ .'11 
Yb 

Lu 

ur 

Tl 

Pb 

Ill 

Th 

u 

9 .58 

6403 
234 

1268 

2 .04 

147 

16 

51 

< L . D • 

< L .D • 

< L.D • 

153 

5 II 

10.9 

1.72 

7 .55 

2 . 18 

0 .90 

I 99 

0.41 

3 .20 

0 68 

I 96 

0 3 1 

I 88 

0 .29 

1.4 1 

0 .22 
< L .D . • 

2 .73 

< I..D • 

0 34 

0 .'"'7 

Tc• ( n - 3) 

s ( :T> 
0 . 16 

2 1 I 

4 .X5 

23 6 

0 31 

3 .23 

{) 2 1 

1. 16 

I 05 

0 06 

010 

0 03 

0 II 

0 .07 

0 .03 

().03 

() 0 1 

0 02 

0 .0 1 

0 <>2 

0 .0 1 

0 .03 

0 .0 1 

0 03 

0 .01 

0 .44 

0 .02 

0 .02 

X 
I 1 .43 

6468 

233 

1372 

2 .07 

146 

16 4 

50.2 

< J •. D • 

< L.D .• 

< LD• 

151 

5 02 

10 .4 

I 67 

7 60 

2 12 

0 .90 

2 .0 1 

0 .39 

3 07 

() 66 

I R9 

0 30 

1 87 

() 29 

I 42 

0 24 

< L . D • 

2 97 

< L .D • 

0 33 

0 .3"> 

T9 (n- 3) 

( pprn) 

Table 11. MESS-2 by trials TO, T9 and TlO. 

l!.l e rncnt 

Ll 

Ti 

v 
C r 

·~" Sr 

v 
Zr 

Nh 

M u 

c. 
lln 

l .... n 

C e 

Pr 

N d 

S n1 

Eu 

G d 

' l ' b 

O y 
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Er 
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Yb 

L u 

ur 
·a··u 
Tl 

Ph 

'" Th 

u 

9 .58 

6403 

234 

1268 

2 04 

147 

16 

51 

< 0 32 

< 1 62 

< 0 19 

153 

5 II 

10 9 

I 72 

7 .55 

2 . 18 

0 .90 

I 99 

0 .4 1 

3 20 

0 .68 

I 96 

0 .3 1 

1.81< 
() 29 

1 .4 1 

0 .22 

< 0 1 

2 .73 

< 0 II 

0 .34 

0 .27 

(pfl iU) • ( :T> 
0 . 16 

2 1 t 
4 .XS 

23 .6 

0 3 1 

3 .23 
0 .2 1 

1. 16 

I 05 

() 06 

0 . 10 

0 03 

0 . 11 

0 07 

().(}3 

0 .03 
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0 .0 2 

() 01 

0 .0 2 

0 01 

0 .03 

0 .0 1 

0 .03 

u 0 1 

0 .44 

0 ,02 
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1 I 43 
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2 07 
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16 4 
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< 0 32 
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< 0 19 

151 
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l.X9 
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• ( :T> 
I 25 

20X 

5 . ~9 

60 0 

0 .37 

3 .05 

0 .24 

() 78 

0 .7R 

0 .04 

0 16 

0 .0 1 

0 .09 

0 .0 1 

0 .02 

() 03 

() 004 

0 .03 

0 004 

0 .02 

() 0 1 

0 04 

0 .0 1 

0 .03 

0 0 1 

()56 

0 .0 1 

O.OR 

• ( :T> 
1.25 

2UX 
5 . X9 

6 0 .0 

0 37 

3 05 
().24 

0 7N 

0 7R 

() 04 

0 16 

0 0 1 

0 .09 

() 0 1 

0 02 

0 03 

0 .004 

0 03 

0 .004 

0 02 

0 .0 1 

0 .04 

00 1 

0 03 

00 1 

()56 

() 01 

0 .08 

I 0 0 1 

6389 

231 

138X 

I 9 1 

148 

1 6 .3 

49 3 

< L . O • 
< LO.• 

< L.D.• 

155 

5 . 17 

10 9 

1.73 

7 6 1 

2 29 

0 94 

2 03 

() 42 

3 15 

0 67 

1.99 

0 .32 

I 90 

0 29 

I 43 

0 .25 

< L . O .• 

2 .66 

< L .D • 

0 .34 

0 26 

10 0 1 

6389 

231 

13XM 

I 91 

14X 

16 .3 

49.3 

< 0 ,32 

< I 62 

< 0 . 19 

155 

5 . 17 

10 9 

1 .73 

7 6 1 

2 .29 

0 .94 

2 03 

0 .42 

3 15 

0 .67 

I 99 

0 .32 

I 90 

0 29 

I 43 

0 25 

< 01 

2 66 

< 0 I I 

0 34 

0 .26 

TIU ( n - 3 ) 

TIU ( n - 3) 

*Concentrations below L.D. of the instrument. The s( X) was not determined for elements <L.D (blank spaces). 

0 .55 

56 

2 .26 

19 8 

0 .2R 

2 .22 

0 28 

I II 

4 40 

0 . 11 

() 27 

() 04 

0 16 

0 .04 

() 03 

0 02 

0 .01 

0 OS 

0 .01 

0 03 

0 .01 

() 002 

0 004 

{) 04 

001 

() 1 7 

0 01 

0 .01 

• ( :T> 
0 55 

56 

2 .26 

19 X 

0 2X 

2 22 
0 ,2X 

I II 

4 40 

0 I I 

0 27 

0 04 

0 . 16 

0 04 

0 03 

0 02 

0 .0 1 

0 .05 

0 .01 

0 .03 

0 0 1 

() 002 

() 004 

0 04 

0 0 1 

() 1 7 

() 01 

0 01 
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Table 12. AGV-1 by trials TO, T9 and T10. 

l<:lc •nc nt 

L ; 
Ti 

v 
C r 

ll.h 

S r 

v 
Zr 

N h 

M u 

c~ 

u~• 

l_.;t 

C c 
Pr 
N d 

S n• 

E u 

G d 

T b 

O y 

llu 

E•· 
~ ....... 
Vh 
Lu 

llf 

Tl 

•• h 

lli 

Th 

u 

:.r. 
21 .6 

6900 

135 

476 

6 1.5 

6 14 

19 .5 

228 

17 .R 

5.43 

2 .20 

1593 

37.2 

64 .7 

8 .37 

3 1.8 

6 .78 

1.99 

2.44 

0 .50 

4 . 14 

0 . 8 1 

2 .54 

0.42 

2.46 

0 .42 

6 .2 1 

1.04 

0 . 8 1 

36.40 

<L.D.• 

6 .52 

1.99 

1 .76 

4 1" 
8 . 11 

30.5 

I 1.09 

64.H 

1 .36 

I 5 . 1 

1 .32 

0 .72 

0 .22 

12X 

4 .5 1 

6 .2 1 

1 .0 0 

3 .75 

0 .86 

0 .23 

0 .27 

0 .0 6 

0.43 

0 . 10 

0 .4 1 

0 .06 

0 .26 

0 .06 

( ) .64 

0 . 12 

0 . 12 

3 . 10 

0 .7 1 

0.?3 

1 8 .6 

6456 
124 

476 

60.23 

577 

I M. l 

2 12 

16 .2 

3 .83 

1.84 

14M4 

35.H 

6 1.4 

7 .95 

2R.7 

5 .66 

1.65 

I .M3 

0 .40 

3 .45 

0 .65 

1.83 

0 .30 

1.69 

0 .27 

5 . 13 

O .Xl 

0 .6 1 

32 .M2 

< L .o .• 
6 .02 

1.7 1 

Table 13. SY-2 by trials TO, T9 and TlO. 

E lcn11c nt 

l.i 

T i 

v 
C r 

Rl, 

s ... 
v 

Z r 

N b 

M u 

C s 

Bn 

L u 

C c 
l'r 

N d 

S rn 

l!: u 

G d 
'l'b 

O y 

ll o 

Er 

~l '•u 

Y h 

.... .. 
llf 

"l ' a 

T l 

Ph 

o; 

T h 

u 

X 
95. 9 

868 

53. 8 

400 

209 

252 

11 2 

267 

34.3 

< L .D .• 

2 .80 

4 12 

6M. I 

147 

19.6 

72.2 

16 . 1 

2 .70 

10 .4 

2 .28 

19 .2 

4.4 1 

14 .3 

2.40 
16 . 8 

2 .H6 

M.39 

I.X I 

2 .77 

85. 1 

< L .D.• 

364 

252 

T U ( n - 3) 

2 .89 

29.0 

1.74 

14 .5 

M.45 

8 .80 

4 .40 

9.40 

1.3X 

0 . 10 

16.2 

2 .33 

5 .34 

0 .62 

2 . X5 

0.47 

0 . 10 

0 .57 

0 .09 

0 . 76 

0 . 17 

0 .5('; 

0 . 10 

0 .55 

0 . 10 

0 .25 

0 .07 

O.OH 

2. 7 8 

li . X I 

11 .79 

X 
92.9 

8 19 

49.9 

349 

206 

252 

11 2 

27 1 

34.5 

< L . D . • 

2 .7M 

408 

67.6 

14 9 

19 .4 

72. 1 

15.4 

2 .57 

9 .90 

2 .26 

1 9 .0 

4 .37 

14 .2 

2 .37 

16 .6 

2 .77 

X .06 

1.76 

2 .59 

H4.0 

< L . D . • 

355 

252 

T 9 ( n - 3 ) 

T9 ( n - 3) 

0 .6 1 

344 

7 .24 

34.7 

1. 19 

7 .02 

0 .55 

6 .2 1 

0.4R 

0 .27 

0 .07 

33.6 

0.47 

(>.94 

0 . 13 

0.49 

0 . 16 

O .OM 

0 . 12 

().()2 

0 . 12 

0 .03 

0 . 10 

0 .02 

0 . 12 

0 .02 

0 . 16 

0 .05 

0 .05 

0.47 

0 .03 

0 .03 

1.64 

27.3 

1.92 

1X.O 

2 . 1 3 

3 .28 

O. M9 

2 . 83 

0 .26 

0 .0('; 

6.03 

1.33 

3 .62 

0 .30 

1.57 

0 .34 

0 .05 

0 . 14 

0 .05 

0 .36 

0 .09 

0 .2R 

0 .03 

0 .3 1 

0 .05 

0 . 17 

0 .04 

0 .04 

1.39 

3 .22 

4 .62 

:r: 
16 . 8 

6222 
120 

442 

6 1.97 

590 

17 .7 

206 

15 .6 

< L .D . • 

1.70 

1434 

36.0 

60.5 

7 .94 

28 . .5 

5 .33 

1..52 

1.86 

0 .34 

3 .23 

0 . .58 

1 .60 

0 .25 

1.34 

< L.O.• 

4 .69 

0 .73 

0.49 

32.40 

< L .D .• 

5 . 8H 

1.65 

X 
1<5.9 

778 

47.9 

325 

199 

244 

109 

264 

33 . 1 

< L . D . '"' 

2 .62 

396 

65.2 

144 

\ 8.M 

69.2 

15 . 1 

2 .44 

9 .XO 

2 . 16 

I X.4 

4 .22 

13 .70 

2 .2 R 

16 .2 

2 .70 

7 . RR 

1 .70 

2 .44 

H1.2 

< L .D . • 

353 

237 

T IU ( n - 3) 

• Concentrations below L.D. of the instrument. Ffor those elements, the s( :r) was not determined (blank spaces). 

0.49 

161 

3 .40 

21.7 

0 .82 

6.43 

0 . 13 

0 .9~ 

0 . 10 

0 .01 

15 .3 

0 .32 

0 .76 

0 .05 

0 .09 

0 . 10 

{).(.)3 

0 .07 

0 .01 

{).04 

0 .01 

0 .06 

0 .0 1 

0 .03 

0 .07 

0 .01 

0 .03 

0 . 7R 

0 .02 

0 .02 

1.6 1 

6.45 

0. 7 1 

5 . 16 

2 .7R 

4 . 16 

1.56 

6 .NO 

0.56 

0 .06 

7 .63 

0 .61 

2 .24 

0 .20 

1.00 

0 .24 

0 .07 

0 .20 

0 .05 

0 .34 

O.Otl 

0 .23 

0 .0 1 

0 .34 

0.04 

0 .24 

0 .02 

0 .03 

1.0 1 

5 . 19 

9 .65 

5 1 



Table 14. t-Test for the second set of experiments. 

E lcn1 c nt 

T i 

v 
c .­
c r 
ll.b 

Sr 
y 

Z r 

Nb 

Mn 

c. 
Hu 
Ln 

Cc 

l ' r 

N<l 

Eu 
G el 

Th 
l)y 

llu 

E .. 
···n• 
YIJ 

Lu 
IU 

' l 'u 

Tl 

l 0 h 

AVG- 1 

TO- TI TO-T2 

-O.K2 - 1.5 1 
-1.0 1 - 1.68 

-1 .0 1 -0.34 
0 .0 1 -0.92 

-0. 1 I 0 .05 
-0.57 -0.37 

-0.99 -1.37 
-I - I .47 

- I. 14 - 1.67 

-2.36 -3.6 

- 1.6 -2.32 
-O.R3 - 1.2 3 

-0.3 1 -0.26 
-0.52 -0.67 
-0.42 -0.44 

-O. H4 -0.9 
- 1 .28 - I .~R 

-1.4 -2.07 

-2. 1 -2. 13 

- 1.6 -2.6 
- 1 .53 -2.09 

-1 .56 -2.29 

- 1 .68 -2.2.5 
- 1 .92 -2.85 

-1.6 -4.29 

-2 . .54 -3.62 
- 1.64 -2.37 

-1.72 -2.47 

- 1 .6 -2.7 

- 1.1 4 - 1.2.5 

NIST 6HH 

1"0-' 1 I TO- T2 

0 .22 -0.07 

-0. 16 -0.53 
-0.83 -0.9 

1.6 3 .88 

0 .06 -0.3 1 
- 0 .35 0 .09 

-0. 14 -0.32 

-0.4 -0.94 
-0.32 

2 .26 
1.6 

-1.05 
- 1.32 

-2.67 
- 1.46 

0.3 1 
-0 R3 

-0. 1 
0.64 

-1.17 
-3 .58 
-2. I 

-2.45 

-0.2H 
-0. 12 
O.OK 

0 .2.5 
0 .66 

0 .34 

0 .07 

2 .32 

0 .96 

0 .44 

0 .46 

0 .0 1 

0 .26 

0 .28 
1.45 

0 .95 
1.23 
0 .7 1 

- 1.09 

-0 .6M 

0 .66 
0 . 8 9 

0 .52 
0 .94 

0 .6 

1.7 

-0. 16 

CV-0-A 

TO-TI TO- T2 

-0.34 -0.2 
- 1.23 0 .77 

0 .22 -0.39 
-0.43 2 . 15 

0 .99 -0.75 
4 .73 I.K I 

0 .6 4 .X2 

0 .44 

-0.44 
0 . 1 

0 .75 
1.79 

0.3 1 

0.4 

0 .6R 
0 . .57 

-0.97 

0 .9 1 

-0. 1 

0 .52 

0 .07 

-2.23 

- 1.9M 
-2.97 

-0.3 1 

- 1. 7 1 
-0.0 1 

-0.69 
-0.73 

- 1.5 H 

5 .94 

SY-2 

TO- ll 

- 1.26 
-1 .5 1 

-0.36 
-2.23 

-0.33 

0 
0 . 1 

0.4 
0 . 14 

-4 .06 
-0. 13 

-0.22 
-0. 16 

0 .2 
-0.36 

-0.0 1 

-1.2 1 

- 1.1 3 

-O.R4 

-0.26 
-0.26 

-0.2 

-0. 1 

-0.37 
-0.25 

-O.X2 
- 1.06 
-0.64 

- 1.94 

-0.35 

T 0-'12 

-3.06 
-3. 12 

0 . 11 
-4.M9 

- 1 .08 

-0.79 

-0.59 
-0.29 
-0.78 

-2.9 H 
- 1.5 
-0.9 

-1.18 

-0.65 
- 1 17 

-0.99 
- I.KK 

- 2 . 13 

-0.99 

- 1.23 
-O. H9 

- 1 .04 

-I 
- 1.28 
-0.89 

- 1.56 
- 1.44 

-1.6 
-3.63 

- 1.3 

McH-"1- 2 

1'0-TI TO-T2 

4 . 1 1 2 . 1 2 

3 .39 2 .06 
2 .06 1.69 
1.05 0 .9 1 

1.64 0 .53 
1.23 0 .4M 
2 .6 5 3.92 

2 .23 1.37 
2 . 1 I 

0 .69 
2 .67 

2 .5 1 
1.34 

I.K5 
1.01 

1.05 
1.4R 

5.48 
-0.6 1 
0.4 K 

6 .2 1 

3 . X2 

-2 1.7 1 

2 .72 
1.2X 

3 .R7 
0 .74 

1.62 

3 .R I 
1 .6 

0.44 

0.4 1 
2 .84 

1.9K 
2 .2 4 
3 . 12 
2 .3 1 

2.47 
3 . 19 
5 .23 
1.23 
6 .74 

6 .79 

5 .93 
-2 1.4 I 

Ill - I .94 -2.9 1 O.X 

4 .63 

3 .5 1 
7 . .52 
1.1 6 

1.58 
1.4M 

-1 .25 

O.K5 

2 .62 
3 .M7 

Th -0.9 -2 . .57 -0.2.5 -0.02 -0. 14 -0.3 -0.67 -0.79 2 .06 
u - I .2 - 1.47 0 .6 -0.4 -0.03 -0.99 1.93 

Note that several elemental concentrations were < L.D. and their t-Test was not determined (blank spaces). 

3.3.5 T hird Set of Experiments 

Based on over 20 years of experience with a wide range of samples, the Earth 

Sciences department at MUN recommends analyzing samples using ICP-MS as soon as 

possible after digestion. This recommendation, however, is not always practical since 

situations or delays may arise and the sample may not be analyzed immediately. For this 

reason, there is a need for methods which produce more stable solutions (analytes are 

maintained in solution over time). 

As mentioned in section 3.3.4, trials TO, T9, and TlO did not show any significant 

improvement in the recoveries for HFSE (although the t-Test values for Zr and Ta were 

high). It was necessary, however, to determine if the solutions generated using trials T9 

or Tl 0 would maintain more analytes in solution over time than the solution generated 
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using trial TO. The third set of experiments involved digesting all the tailing samples 

using the mentioned trials. The solutions generated were analyzed, stored for two 

months, and re-analyzed (after 2 months). The results generated from both set of analyses 

were compared to determine the procedure which optimized the stability of the stored 

solutions. The most stable solution would be the one in which the concentrations 

decrease the least with storage. 

Table 15 shows the mean and standard deviation (of the mean) from trials TO, T9 

and TlO for the tailing samples. Table 16 shows the mean results of the same trials but 

analysed two months after digestion. The complete set of analyses are shown in 

Appendix 24 and 25. The results shown in Table 16 illustrate that the majority of the 

elements are below the limit of detection of the ICP-MS. For that reason, the standard 

deviation (of the mean) was not calculated in Table 16. Due to the fact that the majority 

of elemental concentrations in Table 16 were below the limit of detection of the ICP-MS, 

no quantitative comparison could be made in order to determine the most stable protocol. 

It was concluded that none of the solutions were stable two months after digestion and 

samples should be analyzed soon after digestion, which reinforces the recommendation 

of the Earth Sciences Department. Future research could determine the length of time 

that a solution remains stable (re-analyzing samples after a week, two weeks, etc). 

Three sets of experiments were done during this study, in which the length of 

digestion, acid mixture, and stability of the solution were tested. None of these 

experiments showed improvements in the recovery for HFSE, which confirm that the 

original parameters of the protocol were the most optimal. For that reason, the original 

protocol was used to determine the environmental mobility in tailing samples. 
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Table 15. CV-0-A, CV-0-B, CV-1, CV-5 & CV-10. 

CV-0-A CV-0-B CV-1 

TO {n= 3) T9 {n =3) TlO {n = 3) TO {n= 3) T9 {n= 3) TlO (n= 3) TO {n= 3) T9 {n=3) T l O {n = 3) 

E lement X s (.I·) cT s(.:C) ::~; s <x > .r s ( x ) ::~; s ( .r ) :r s <x ) :r: s c x ) :r s <x > x s <x > 
Li I.I8 0 .07 I.I2 0 .05 I.I4 0 .08 I.45 0.43 1.02 0 .07 1.74 0 .67 1.25 0.06 1.20 0 .05 1.4I O. IO 
T i 49.I 2.5 46.7 4.I 49.9 1.24 73 .8 1.0 75.0 1.6 69.9 1.05 I99 3 I94 5 .0 187 6 .75 

v 6 .84 O. I 7 6.49 0 . 22 8.00 O. I I I 0.5 O. I I 0.3 0 .03 9.40 0 .26 I 9 . I 0 .2 I8.3 0 .3 I 8. I 0.43 

C r 62.2 3 .9 54.5 1.8 63 .6 0 .33 335 3.2 332 2 .8 277 2 .67 442 4 4 37 2.78 432 3 .4I 

Rb 0 .88 O. I 9 0 .73 0 .24 0 .67 O. I 4 0.74 O. I8 0 .72 O. I O 0 .98 0 .28 1.07 O. I5 1.15 0.23 1.32 0 .30 

Sr 8 .60 1.67 6.84 0 .30 6 .54 O.I4 I 3.2 3.98 8 .92 0. 12 8 .79 0 . 19 I4.4 0.5 14.3 0 .3 14. I 0 .03 
y 4 . 0 7 O. I 2 4 .06 0. 14 4 .34 0 .03 4 .00 0 .09 3.8I 0.07 3.54 0 .08 6 .64 0 . 12 6.37 0 .09 6.44 0 .03 

Zr 4 . 22 0 .08 4 .50 0 . 14 6 .09 0 .55 5 .32 0 . 15 5 . 8 3 0 .33 6 . 11 0 .97 7.33 0 .70 6 .60 O. I5 6.66 0 . 18 

Nb 1.66 0 .04 1.81 0. 19 1.78 0 .0.:5 2 .2 1 0 .0 5 2 . 16 0 .04 2 .07 0 .03 2 .88 0 .06 2 .70 0 .08 2 .70 0 .0 6 

Mo 1.88 0.4 1 3 .3 1 1.53 1.76 0 .6 I 3 .6 8 0.35 4 .8 1 0 . 10 4 . I 4 0.44 5 . 01 0 .69 5 .2.:5 0.7.:5 4 .46 O. I 4 

Cs < L.D.* < L.o .• <L .o .• < L .D .* <L .o .• < L .o.• < L .o .• < L.D.* <L.o.• 
Ba 11.6 3 .27 8 .91 0 .20 9 .06 0 .4.:5 14. 1 0 . .:5 12.5 0 .7 11.9 0 .52 18.5 0 .4 I8.6 0 .3 19.2 0 .54 

La 2 .28 0.40 1.88 0 .0 6 2 . 13 0.25 2.17 O.I3 2 .08 0.09 1.86 0 .0 1 3 .9 1 0 .02 3 .93 0.04 4.I6 0 . 13 

Ce 4 .68 0 .60 4 .09 0.08 4 .37 0 .32 3 .7 4 O. I 7 3 . .:53 0 .09 3.I4 0.0.:5 6 . 71 0 .04 6 .72 0 .05 7.22 0 .20 

Pr 0 .54 0 .08 0.45 0 . 01 0.48 0 .02 0 .5 I 0 .04 0.49 0 .02 0.45 0 .01 0 . 86 0 .0 1 0 .86 0.03 0 .87 0 .01 

Nd 2 .30 0 . 33 1.84 0 .03 1.9 5 O. I 4 2 . 12 0 .06 1.97 0 . 10 2 .02 0 .09 3.45 0 . 10 3 .38 0 .08 3.44 0 .0 3 

S m 0 . .:58 0 . 07 0 .48 0 . 0 1 0 .48 0 .03 0.45 0 .02 0 .45 0 .06 0 .57 0 .02 0 . 73 0 .05 0 .69 0 .07 0 .67 0 .04 

E u 0 .2 1 O.OI 0 . 1 7 0.01 O. I 7 O.OI O. I 7 0 .005 O. I7 0 .002 0 . 18 O.O I 0 .27 O. O I 0.26 O.OI 0 .25 0 .002 

G d 0 .57 0 .02 0 .52 O.OI 0 .55 0 .03 0 .52 O.O I 0 .56 0 .05 0.52 O.OI 0 . 8 I O.O I 0.85 0 .03 0.81 O.OI 

T b 0 . 10 0 .003 0 .09 0 .003 0 .09 0 .002 0 .08 0 .003 0 .0 8 0 .003 < L.D. * 0.13 0 . 00.:5 O . I2 0 .003 0.12 O. OOI 

D y 0 .63 0 . 03 0 .6 I 0 .02 0 .63 0 .02 0 .59 O.OI 0 . .:5.:5 O.OI 0 .54 O.OI 0 . 9 3 0 .03 0 .90 0 .02 0 .89 O.O I 

I-lo 0 . 14 O.OOI 0 . 14 O. O I 0 . 14 0 .004 0 . 13 0 .002 O. I2 0 .002 O. I 2 0 .003 0 .20 0 .004 0 .20 0 .002 O. I9 0.003 
Er 0 . 49 O.O I 0 .48 O. OI 0 .45 0 .02 0 .4 1 0 .0 3 0 .39 O.O I 0 .39 O.OI 0 .66 0 .04 0 .62 0 .02 0 .63 O.OI 

T m 0 .09 0 .01 0 .09 O.OI 0 .09 O.O I 0 .08 0 .0 1 0 .0 8 0 . 01 < L .D .* O. II 0 .02 O. II 0 .02 0.10 O.OI 

Yb 0 . 5 I 0.02 0.46 0.02 0.45 O.OI 0 .40 0 .01 0 .38 O. OI 0 .4I 0 .02 0.63 O.O I 0 .60 0 .0 3 0.60 0 .03 

Lu 0.07 0.003 0.06 0 .003 0 .06 0 .002 0 .05 0 .004 0 .05 0 .000 0 .05 0 .004 0.09 O.OO I 0 .08 0 .004 0.08 0 .003 

I-lf < L .D . * < L .D .* <L .o .• < L .o .• < L .D . * < L .D . * < L . D .* < L .o . • < L . D . * 

Ta 1.60 0 .02 1.52 0 .03 1.5 4 0 .02 < L .D . • < L .o .• < L .D . * < L . D .* < L .D . * < L . D .* 

Tl < L.D.* < L .o .• < L .D .* < L . D .* < L .o . • < L .D . * < L .D .* < L .D . * < L .o .• 
Pb 0 .86 0.37 0 .92 0 .50 0 .97 0 .5 I 0 .65 0 .06 0 . .:5 1 0 .02 < L .D .* 0 .62 0 .08 0.50 0 .02 0.72 O. I 7 

Bi < L.D.* 0.09 0 .03 0.16 0 .08 O. I O O.O I O. I I 0.02 < L .D.* < L.D.* O. I O 0 .02 < L .o .• 

T h 0 . 10 O.OI 0 .09 0 .02 f.08 O.OI 0 .09 0 .01 0.08 0 .005 0 . 10 O.OI 0.20 O. OO I 0.21 0.002 0 .22 O.OI 

u 0 .09 O.OI 0 .0 8 0 .01 0 .08 O.OI < L .D . * < L .D .* <L .o .• 0.08 0 .003 0 .0 7 O.OI 0 .06 O. OOI 

• Concentrations below L.D. of the Instrument. Note that It was not possible to determme several elemental concentrations (<L.D.); for those elements, the s( X ) was not determmed either. All 
the elemental concentrations are in ppm. 



Table 15. CV-0-A, CV-0-B, CV-1, CV-5 & CV-10. 

CV-5 CV- 10 

TO (n= 3) T9 (n=3) TIO (n= 3) TO (n= 3) T9 (n= 3) TI 0 (n= 3) 

E leme nt X s (X) :~; s (X) X s ,;r: ) X s (x ) :r sIX) x s t::"G ) 
Li 0.87 0 . 12 0 .74 0 .09 0 .76 0 .14 1.02 0 . 12 1.19 0.23 1.27 0 . 14 

T i 195 7 204 18 199 10.7 127 8 123 6 152 1.76 
v 16.5 0 .9 17.0 0 .5 17.4 0.48 12.2 0 .9 11.2 0 .3 15.3 0 .30 

C r 279 6 275 5 276 13 . 1 267 23 212 3 313 24 
Rb 1.06 0 .24 1.21 0 . 13 1.28 0 .35 1.15 0.15 1.2 1 0.14 1.23 0 .24 

S r 12.2 0 .3 11.3 0 .05 11.5 0.57 11. 1 0 .3 11.6 1.0 10 .9 0 .34 
y 6.34 0. 12 6 .10 0 .12 6 .00 0 .35 5.44 0 .02 5.4 1 0.21 5.72 0 . 12 
Z r 4 .89 0.36 4.45 0 .24 5.24 0 .72 4 .54 0.48 5 .35 1.28 4 .90 0.49 

N b 1.72 0.12 1.73 0 .04 1.89 0 .09 1.48 0 .06 1.39 0 .07 1.53 0 .01 
M o 4.43 0.23 3 .09 0 .23 2.8 1 0 . 16 2.50 0 . 10 2.59 0 . 17 2.74 0 .18 

Cs <L.D.* < L.D.* < L.D* <L.D.* < L.D.* < L.D.* 

B a 20.0 2 .2 17 .0 0 .3 16 .7 0.95 16.9 0 .5 20.5 2.3 17.6 0 .50 
L a 3.32 0 . 13 3.27 0 . 1 1 3 .19 0 . 17 2 .76 0 .08 3 .18 0.42 2.87 0.07 

Ce 5.34 0 . 16 5 .2 1 0 . 13 5.07 0 .32 4 .99 0. 10 5 . 16 0 .35 5 .07 0 . 11 

P r 0 .76 0 .02 0 .72 0 .03 0 .70 0 .04 0 .64 0 .02 0 .80 0 . 18 0.65 0 .01 
Nd 3 .2 1 0 .07 2 .88 0 . 1 1 2 .85 0 .24 2 .59 0 .02 2.82 0 .31 2 .57 0 . 1 1 
S m 0 .69 0.06 0 .58 0 .02 0.58 0.06 0 .54 0 .01 0 .66 0 . 13 0.52 0 .02 
E u 0 .25 0.02 0 .23 0 .0 1 0.23 0 .02 0 .20 0 .01 0.20 0.005 0.20 0.0 1 
G d 0.76 0.02 0 .7 7 0 .02 0.76 0 .06 0 .72 0 .02 0 .70 0 .02 0 .68 0 .03 
T b 0. 14 0.02 0 . 1 1 0.002 0. 11 0 .01 <L.D.* < L.D.* < L.D.* 

Dy 0 .87 0 .04 0 .83 0 .02 0.85 0 .04 0 .79 0.02 0.75 0 .01 0.76 0 .0 1 

Ho 0 .20 0 .0 1 0 . 18 0 .004 0. 18 0 .01 0.17 0 .01 0 .17 0 .003 0 .16 0 .004 
E r 0.64 0 .03 0 .60 0 .004 0.61 0.02 0 .54 0 .01 0 .61 0 .07 0 .52 0 .02 

T m 0 .12 0 .01 0 . 12 0.003 0. 10 0 .03 0 . 11 0 .004 0 .24 < L.D.* 

Y b 0 .63 0 .04 0 .56 0.0 1 0.54 0.05 0 .52 0 .02 0 .51 0.03 0.49 0 .02 
L u 0 .08 0 .01 0 .07 0.004 0.07 0 .01 0 .07 0 .005 0 .07 0.003 0 .07 0 .004 
H f < L.D.* <L.D.* < L.D.* <L.D* < L.D.* < L.D.* 

Ta <L.D.* < L.D.* < L.D.• <L .D* < L.D.• < L.D.• 

T l <L.D.• < L.D.• < L.D.• <L.D.• < L.D* < L.D.• 

P b <L.D.* < L.D.• < L.D.• <L.D* < L.D.• < L.D.• 

Bi 0 . 13 0 .02 <0 .09 <0 .09 <L.D.• < L.D.• < L.D.• 

T h 0 . 11 0 .02 0 . 11 0 .01 0 . 11 0 .02 0 .77 0 .66 0 .08 0 .08 0 .01 
u <L.D.• < L.D.• < L.D.• <L.D.• 0 .14 < L.D.* 

*Concentrations below L.D. of the mstrument. Note that It was not possible to deterrnme several elemental concentrations (<L.D.); 
for those elements, the s( X) was not determined either. All the elemental concentrations are in ppm. 



Table 16. CV-0-A, CV-0-B, CV-1, CV-5 & CV-10 (2 months later). 

CV-0-A CV-0-B CV-1 CV-5 CV-10 
Element TO T9 T10 TO T9 T10 TO T9 T10 TO T9 T10 TO T9 T10 

Li <L.D .* < L.D.* <L.D.* <L .D.* < L.D .* < L.D* <L .D.* < L.D .* < L.D.* < L.D.* <L.D.* <L .D.* <L .D .* <L.D.* <L.D.* 
Ti <L.D.* < L.D.* < L.D.* <L.D .* < L.D .* <L.D.* 179 173 183 194 220 216 144 154 165 
v < 8* < 8* < 8* 8 .6 10.0 11.8 17 .5 16.0 17.4 16.3 18.2 19.9 14.9 15.3 17.0 
Cr 335 4 15 375 80 1 646 609 620 577 608 5 12 568 734 604 602 699 
Rb <L.D .* < L.D .* <L.D.* <L.D .* <L.D .* <L.D.* < L.D* < L.D.* < L.D .* < L.D.* <L.D.* <L.D.* < L.D.* <L.D.* <L.D.* 
Sr <L.D .* < L.D.* <L.D.* <L.D.* < L.D.* <L.D* <L.D.* < L.D.* <L.D.* < L.D.* <L.D.* <L.D.* <L.D. * <L.D.* <L.D.* 
y 2.8 3. 1 3.2 2.9 3.4 4 .0 6.1 5 .9 6.3 6.6 7.1 6.6 6.3 6.7 6.2 
Zr < L.D .* < L.D.* <L.D.* 2.9 4.4 5.9 6.5 6.0 6.8 5 .9 6.8 5.4 5.2 5 .8 5.3 
Nb <L.D .* < L.D.* < L.D.* 0.7 1.4 2.0 2.4 2.6 2.9 2.5 2.8 2 .2 <2* <2* <2* 
Mo <L.D. * < L.D.* < L.D.* < L.D .* <L.D.* <L.D.* <L.D.* <L.D .* < L.D .* < L.D.* <L.D.* <L.D .* < L.D.* <L.D.* <L.D* 
Cs <L.D .* < L.D .* <L.D.* <L.D .* <L.D .* <L.D.* <L.D.* < L.D.* < L.D.* < L.D.* <L.D* <L.D.* < L.D.* <L.D.* < L.D* 
Ba 2 1.9 < L.D.* < L.D.* <L.D.* < L.D.* <L.D.* 16.9 18. 1 19.0 20.5 22.4 <L.D.* < L.D.* <L.D.* <L.D.* 
La 1.3 1.2 <0.9* 1.5 1.8 1.9 3 .7 3 .6 4.0 3.6 3 .9 3 .4 3.2 3.4 3.2 
Ce 3.2 3. 1 3 . 1 2.8 3.2 3 .2 6 .2 6 .0 6.6 5.4 5.7 5.2 5.4 5 .6 5 .3 
Pr <L.D* < L.D.* <L.D.* <L.D .* < L.D.* <L.D .* 0 .8 0 .8 1.0 0.9 1.1 0.9 0.8 0.8 0 .8 
Nd <L.D .* < L.D.* < L.D.* <L.D.* < L.D.* <L.D.* <L.D.* <L.D.* <L.D .* < L.D.* 6.92 <L.D.* < L.D.* <L.D.* <L.D.* 
Sm <L.D.* < L.D.* <L.D.* <L.D .* < L.D .* <L.D.* <L.D.* <L.D.* < L.D * < L.D.* <L.D.* <L.D* < L.D.* <L.D.* <L.D* 
Eu <L.D.* < L.D .* < L.D.* <L.D .* <L.D.* <L.D.* <L.D.* < L.D.* < L.D.* < L.D.* <L.D.* <L.D* < L.D.* <L.D.* < L.D.* 
Gd <L.D.* <L.D.* <L.D.* <L.D* < L.D.* <L.D.* <L.D.* <L.D.* <L.D.* < L.D.* <L.D.* <L.D.* < L.D.* <L.D.* <L.D.* 
Tb <L .D.* <L.D.* < L.D.* <L.D .* <L.D.* <L.D.* <L.D.* <L.D.* < L.D.* < L.D.* <L.D.* <L.D.* < L.D.* <L.D.* <L.D.* 
D y < L.D.* < L.D.* <L.D.* <L.D .* < L.D.* <L.D.* <L.D.* < L.D.* <L.D.* < L.D.* 1.75 <L.D.* < L.D.* <L.D.* < L.D.* 
Ho <L.D. * < L.D.* < L.D.* <L .D .* <L.D.* <L.D.* <L.D.* <L.D.* < L.D.* < L.D.* 0.37 <L .D.* <L.D.* <L.D.* <L.D.* 
Er <L.D.* < L.D.* < L.D* <L.D.* <L .D.* <L.D.* <L.D.* <L.D.* < L.D.* < L.D .* 1.45 <L.D.* <L. D.* <L. D.* < L.D.* 
Tm <L.D.* < L.D.* < L.D* <L.D .* <L .D.* < L.D* < L.D.* <L.D.* < L.D.* < L.D.* <L.D.* <L.D.* < L.D.* < L.D.* <L.D.* 
Yb <L.D.* < L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L .D .* < L.D.* < L.D.* <L.D.* <L.D.* < L.D.* < L.D.* <L.D.* 
Lu <L.D.* < L.D.* <L.D.* < L.D .* <L.D.* <L.D.* <L.D.* <L.D.* <L.D .* < L.D.* <L.D.* <L.D.* < L.D .* <L.D.* <L.D .* 
Hf <L.D* < L.D.* <L.D.* <L.D .* < L.D.* <L.D.* <L.D.* <L.D.* < L.D.* < L.D.* <L .D .* <L.D.* <L .D .* <L.D.* <L.D.* 
Ta 2.21 2 .27 2.24 2 .24 2.25 2.25 <L.D.* <L .D .* <L.D* < L.D.* <L.D.* <L.D.* <L.D .* <L.D.* <L.D.* 
Tl <L.D* <L.D.* < L.D.* <L.D.* < L.D.* <L.D.* <L.D.* <L .D.* <L.D.* < L.D. * <L.D.* <L.D. * <L.D.* <L.D.* < L.D* 
Pb <L.D.* < L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* < L.D.* < L.D.* <L.D.* <L.D.* < L.D.* <L.D.* <L.D.* 
Bi <L .D .* <L.D.* < L.D.* <L.D* <L.D.* <L.D.* <L.D.* < L.D.* <L.D.* < L.D.* <L .D.* <L .D.* < L.D.* < L.D.* < L.D.* 
Th < L.D.* < L.D.* <L.D* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* < L.D.* < L.D.* <L.D* <L.D.* < L.D.* < L.D.* < L.D .* 
u < L.D* < L.D.* < L.D.* <L.D.* < L.D.* <L.D* <L.D.* < L.D.* <L.D.* < L.D.* <L.D.* <L.D.* <L.D.* <L.D .* <L.D.* 

*Concentrations below the L.D. of the mstrument. Note that all the trtals and all the samples were analyzed m trtphcates. 



Chapter 4 

Determination of Environmental Mobility of HFSE and REE in Samples 

It is not uncommon for the original composition of geologic materials to be 

changed by some alteration process involving fluids that break down constituent minerals 

and mobilize various elements. Depending on the nature and intensity of the alteration 

process, however, only some elements are affected (i.e. mobile) whereas others are 

largely unaffected (i.e. immobile). Environmental mobility is a geochemical 

characteristic of an element and can occur when an element has been subjected to high 

temperature hydrothermal alteration or to low temperature surficial weathering. 

Elements such as HFSE, REE, Al, and Ti are known to be largely immobile 

(MacLean and Kranidiotis, 1987). In other words, the initial mass concentration or ratio 

of these immobile elements to one another does not change when the sample is subjected 

to high temperature and/or high pressure, or surficial weathering. This characteristic of 

HFES makes them useful as geochemical tracers in Earth Science. In fact, HFSE 

determination can be used to recognize primary composition of variably altered geologic 

materials and to monitor the mass gain or loss of mobile elements during alteration 

processes (MacLean and Kranidiotis, 1987). For this reason, the HFSE are part of this 

study that aimed to confirm the environmental immobility of HFSE and REE contained 

in fine-grained tailings exposed to weathering in Labrador. By comparison, the 

concentration of mobile elements such as alkali or transition metals is more likely to be 

reduced via losses during weathering of mine tailings. Any such losses of mobile 
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elements during weathering would be expected to increase as the age of the tailing 

increases. The determination of mobility of HFSE and REE is described in section 4.2 

and 4.3. 

4.1 Physical Characterization of the Samples 

Prior to the determination of the environmental mobility of HFSE and REE in the 

IOC samples, a physical characterization of CV -0-A sample was done to gather ancillary 

data in support of the geochemical (mobility) determination. In addition, IOC requested 

information concerning the presence or absence of amphiboles in their tailings (that are 

often associated with Ti and may interfere with the concentration operations in IOC). For 

that reason, the physical characterization of the samples included a mineral separation 

using heavy liquids, followed by a grain size determination and investigation using an 

electron probe microanalyser (EPMA). The heavy liquid separation aided in the 

determination of the mineralogy of the samples, while the grain size measmement aided 

in the determination of the mean grain size of the mineral particles. 

The sample CV -0-A was selected to undergo the physical characterization due to 

the large quantity available compared with the other samples. Moreover, CV -0-A was 

never exposed to weathering; therefore, it presented an ideal starting composition of the 

mine tailings. It is important to note that this research was limited to the investigation of 

elemental mobility of HFSE and REE. Therefore, determining the weathering effects on 

the mineral composition of the tailings were beyond the scope of this thesis research. 
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4.1.1 Mineral Separation using Heavy Liquids 

The separation of minerals using heavy liquids is a physical process used to 

fractionate materials of different densities based upon their buoyancy. This separation 

was done to concentrate higher density minerals, in which HFSE were suspected to be 

present. In this procedure, a sample is mixed with a heavy liquid, i.e. a high density fluid 

that has a known density. When the solid sample and the heavy liquid are mixed, the 

minerals with densities greater than the heavy liquid sink, the minerals with lower 

densities float, and the minerals with the same density remain suspended in the heavy 

liquid. For exan1ple, low density minerals such as clay and quartz float, while heavy 

minerals such as zircon sink (Jones, 1987, p. 31 , Me bus and Schleicher, 1990). 

In this part of the study, two heavy liquids, tribromomethane (IUPAC name), 

CHBr3, and Iodomethane (IUPAC name), CH3I, were used. These heavy liquids are 

commonly known as bromoform and methylene iodide, respectively. Bromoform bas a 

density of 2.85 g/cm3
, a viscosity of 1.8 cP and a vapour pressure of 787 Pa. Methylene 

iodide has a density of 3.32 g/cm3
, a vapour pressure of 160 Pa, and a viscosity of 2.6 cP. 

The disadvantage of using these heavy liquids is their toxicity. Therefore, the process 

must be done in a fume hood. Since bromoform and methylene iodide were used, 

minerals were separated in three groups with densities of <2.85, >2.85 and <3.3, and 

>3.3 g/cm3
. Some grains of these three groups were mounted for subsequent elemental 

analysis using an EPMA. 

The first step of the heavy liquid separation was to split the tailing sample (CV -0-

A) in order to obtain a smaller representative sample. This sample was weighed and 
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labelled as Non-pulverized Tailing Sample (see Table 17). A photograph of a small but 

representative amount of the non-pulverized sample was taken using a binocular 

microscope with a magnification of 25X. Some grains of the photographed sample were 

placed on a flat, polished, epoxy mount with double sided tape, for further analysis using 

anEPMA. 

In the second step of the separation, the unprocessed tailing sample was mixed 

with bromoform, vigorously stirred, and allowed to settle for thirty minutes. The light 

minerals were rinsed in acetone, collected, air dried, and weighed. This sample was 

labelled as Minerals <2.85 g/cm3
, indicating that minerals were lighter than bromoform. 

A smaller representative amount of this sample was taken and photographed through the 

binocular microscope (25X magnification). Some of the mineral grains with density 

<2.85 g/cm3 were mounted next to the unprocessed tailing sample grains on the 

previously described epoxy mount. 

The sunken heavy minerals from the previous step were used in the third step of 

the separation. These minerals were mixed with methylene iodide, vigorously stirred, and 

allowed to separate for thirty minutes. Again, the light and heavy minerals were rinsed 

with acetone and the samples were air dried . The samples were labelled Minerals <3.3 

g/cm3 and Minerals >3.3 g/cm3
, respectively. Note that sample mineral <3.3 g/cm3 had a 

density that ranged from 2.85 to 3.3 g/cm3
. A smaller representative amount of these 

samples was taken and photographed through the microscope and mounted (next to the 

sample grains of the unprocessed tailing sample and minerals <2.85 g/cm3
). The mount 

was then carbon coated for subsequent analyses using an EPMA. 
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Figures 14 to 17 are photographs, taken through a binocular microscope (25X 

magnification), that show minerals identified. Table 17 includes a description of the 

samples, masses, percentage of the total sample, and the identified minerals in these 

figures. The majority of the sample analyzed (CV -0-A) consisted of quartz, with some 

inclusions of magnetite. For that reason, some quartz grains sank in the bromoform or 

methylene iodide. The presence of larger grains of magnetite, with quartz inclusions, was 

also observed. The more dense portion of the tailing sample primarily consisted of Fe-

containing minerals such as biotite, magnetite, garnet, limonite, and goethite. It is 

important to note that the mineral identification was done to support the geochemical 

(mobility) determination. Therefore, studies such as determination of percentage 

abundance of each phase in each of the different density fractions were beyond the scope 

of this thesis research. 

Table 17. Heavy liquid separation of CV-0-A. 

Label Mass (g) % Identified minerals in photographs* 
Non-pulverized 14.74 100% Predominantly qtz, some with mag inclusions. 
Tailing Sample Minor amounts of Fe oxide/cb (Gt or Lm) 

Minerals < 2.85 g/cm 3 
9.98 68% Major amount of qtz, some with mag inclusions. 

Presence of Fe oxide/cb (Gt or Lm) 

Minerals < 3.3 g/cm3 2.02 14% Qtz with mag inclusions 
Mag with qtz inclusions. Minor presence ofBt. 

Minerals > 3.3 g/cm3 2.56 17% Mag, Lm, Grt 
Some grains of qtz with mag inclusions. 

* See list of abbreviations. 
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~-----------------------------------------------------------

Figure 14. Non-pulverized tailing sample. 

Figure 15. Minerals <2.85 g/cm3
• 

Mag 
inclusion in 

Otz 

Mag inclusions 
in Qtz 
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Qtz with 
major 

inclusions of 
Mag 

Figure 16. Minerals< 3.3 glcm3
• 

Figure 17. Minerals >3.3 glcm3
• 

Mag inclusions 
in Qtz 
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The mineral grams mounted in epoxy were analyzed usmg an EPMA. This 

analysis produced qualitative elemental results; therefore, it was possible to determine 

the elements present in the sample but not their precise concentrations. In addition, this 

instrument cannot determine carbon or oxygen. From the results, the presence of Si, Mg, 

Ca, Mn, and Fe carbonates, could be deduced but not fully verified. In addition, the 

energy-dispersive X-Ray spectra (EDS) results suggested the presence of Fe and AI 

oxides. Some silicates including amphibole (grunerite), and almandine (garnet) were also 

found. It was not considered relevant to use photographs from the epoxy mount since an 

identification key of the epoxy mount was sketched. This identification key aided in the 

analysis using an electron microprobe. This identification key is shown in Figure 18. 

Appendix 26 contains the complete set of the EDS. 

The EDS results generally agree with the optical mineral identification in the 

photographs. One difference was the presence of biotite in the minerals <3.33 g/cm3
. 

Biotite was not found in any of the EDS results. It is possible that biotite grains were not 

placed on the mount since only a small number of representative grains were mounted. In 

addition, the EDS suggested the presence of an amphibole mineral (grunerite). However, 

this mineral was not seen under the microscope in any of the mineral groups. As 

requested, the presence of amphibole was reported to IOC. Note that neither the EDS nor 

the observations under the microscope suggest the presence of zircon. Also, the amotmt 

of biotite and gnmerite were minor components of the tailings. 
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1. Mg, Ca, Mn, Fe cb 
2. Mg, Ca, Mn, Fe cb 
3. Mg, Ca, Mn, Fe cb 
4. Mg, Ca, Mn, Fe cb 
5. Mg, Ca, Mn, Fe cb 
6. Mg, Ca, Mn, Fe cb 
7. Fe oxide 
8 . Mg, Ca, Mn, Fe cb 
9. Mg, Ca, Mn, Fe cb 
10. Fe oxide 
11 . Mg, Ca, Mn, Fe cb 
12. Aim (grt) 
13. Mg, Ca, Mn, Fe cb 
14. Mg, Ca, Mn, Fe cb 
15. Mg, Ca, Mn, Fe cb 
16. Mg, Ca, Mn, Fe cb 
17. AI oxide 
18. Fe oxide 
19. AI oxide 
20. Fe oxide 
21 . Qtz with Fe oxide inclusion 
22. Fe oxide 
23. Qtz 

®®®®®® 

®®®® ® 

®®® 

® ®® ® 

24. Am (gru) 
25. Amphibole or garnet 
26. Qtz with Fe oxide inclusion 
27. Fe oxide 
28. Fe oxide 
29. Fe oxide 
30. Fe oxide 
31 . Fe oxide 
32. Fe oxide 
33. Fe oxide 
34. Quartz 
35. Mg, Ca, Mn, Fe cb 
36. Mg, Ca, Mn, Fe cb 
37. Quartz 
38. Fe oxide 
39. Am (gru) 
40. Am (gru) 

Figure 18. Identification key of the SEM epoxy mount (see list of abbreviations). 
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4.1.2 Grain Size Measurement 

Two measurements of grain size were done on one sample, CV -0-A. The first 

measurement was done on the original tailing sample as provided by IOC (non­

pulverized CV -0-A). The second measurement was done on the same material that has 

been further pulverized at MUN (pulverized CV -0-A). The examination of the former 

sample was to assess grain size variation in the original starting tailing material. The 

second measurement was done to asses the grain size effect related to the crushing 

procedure employed at MUN. The test was done using sample CV-0-A because this 

sample was available in larger amounts compared to the other samples. In addition, CV-

0-A is a typical sample, least weathered and ultimately this study focussed on the 

geochemical characteristics of this sample. Therefore, the grain size distribution was of 

lesser interest. 

For the grain size measurements, fourteen sieves were used and they were shaken 

manually. Grain size measurement results of the non-pulverized sample are shown in 

Table 18 and Figure 19. Grain size measurement results of the pulverized sample are 

shown in Table 19 and Figure 20. These results show that the majority of the non­

pulverized sample had grain sizes which ranged from 90 J.lm to 300 J.lm. In addition, the 

results show that the majority of the pulverized sample had grain sizes ranging from 45 

J.lm to 180 J.lm. 
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Table 18. Size grain measurement of non-pulverized sample (CV -0-A). 

Sample: CV- 0 - A not pulverized) 
Sieve# Size Weight (g) Weight Passing (g) %Passing 

10 2mm 0.08449 0.08449 0.19 

18 I mm 2.15182 2.23631 5.05 
20 850 ~m 0.33182 2.56813 5.80 

30 600 ~m 2.27616 4.84429 10.94 

40 425 ~m 2.33870 7.18299 16.21 

50 300 ~m 5.26083 12.44382 28.09 

60 250 ~m 4.08220 16.52602 37.30 

80 180 ~m 7.94134 24.46736 55.23 
100 150 ~m 3.96437 28.43173 64.18 

120 125 ~m 3.5840 I 32.01574 72.27 
170 90 ~m 5.39718 37.41292 84.45 

200 75 ~m 2.05037 39.46329 89.08 

230 63 ~m 1.33910 40.80239 92.10 

325 45 ~m 1.84755 42.64994 96.27 
< 325 <45 ~m 1.65026 44.30020 100 

Total 44.30020 
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E E E E E E E E E E E E E E E 
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l!) N 0 l!) co l!) N m ,.._ <0 ..,. ..,. 
co 0 ..,. ,.., N ~ ~ ~ v <0 

Sieve size 

Figure 19. Grain size distribution of non-pulverized sample (CV-0-A). 
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Table 19. Size grain measurement of pulverized sample (CV -0-A). 

Sample: CV - 0 - A (pulverized) 
Sieve # Size Weight (g) Weight Passing (g) % Passing 

10 2mm 0.01700 0.01700 0.028 
18 I mm 0.09258 0.10958 0. 179 
20 850 ).UTI 0.02 176 0.13134 0.215 

30 600 ).liTI 0.18030 0.3 1164 0.5 10 
40 425 ).liTI 0.23000 0.54164 0.887 

50 300 ).liTI 0.64706 1.18870 1.946 

60 250 ).liTI 0.89250 2.08120 3.408 
80 180 ).liTI 3.46557 5.54677 9.083 
100 150 ).liTI 4.61652 I 0.16329 16.642 
120 125 ).liTI 7.35860 17.52189 28.692 
170 90 ).llll 16.76913 34.29102 56.151 

200 75 ).liTI 7.73775 42.02877 68.821 

230 63 ).liTI 9.70678 51 .73555 84.7 16 

325 45 ).liTI 7.08288 58.81843 96.314 
< 325 <45 ).liTI 2.25096 61.06939 100 

Total 61.06939 
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Figure 20. G rain size distribution of pulverized sample (CV-0-A). 
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4.2 Determination of Environmental Mobility of HFSE and REE on Tailing 

Samples from IOC 

The determination of environmental mobility of HFSE and REE was done once 

the physical characterization of the san1ple was completed. In order to assess 

environmental mobility or immobility of HFSE and REE, the compositions of different 

aged tailing samples (weathered for 0-10 years) were compared. Tables 4 and 15 show 

the results of multiple analyses of these samples. Samples were analyzed using the acid 

digestion procedure, previously described in section 1.2.1. This procedure was used 

because the method development of optimization confirmed that the original parameters 

of the acid digestion were optimal (see results in Table 4). The variations in 

concentration ofTi, V, Cr, Rb, Sr, Y, Zr, Nb and Th were plotted according to the age of 

the tailing samples. As previously mentioned in Table 1, CV -0-A was a tailing sample 

that was never subjected to weathering. Therefore, its age is given as zero years and is 

plotted as the first point (t=O) on the axis in Figures 21 to 29. The remaining tailing 

samples are organized according to increasing age: CV-0-B (t=<1), CV-1 (t=1), CV-5 

(t=5) and CV-10 (t= lO). Note that the error bars in these figures represent one standard 

deviation of the mean (corresponding to Table 4). 

Assessing changes in the composition of different aged tailing samples is a 

complicated endeavour because IOC mined different ores over the years and it is not 

known how many types of ores were used. Therefore, comparing one age of tailing 

sample to another is potentially complicated depending on how many different the ores 

were over the years. However, normalized ratios of analyses of tailing samples can be 
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used to assess whether there were significant geochemical differences in the elements of 

interest to this study (i.e. HFSE, REE). Lastly, the very low concentrations of the 

majority of the elements of interest present (i.e. concentrations close to the L.D. of the 

ICP-MS) also increase the difficulty of this comparison of different aged tailing samples. 

250 • Ti 
E' 
c.. 200 I I 8 
c: 

ISO .52 I Cii 
!:: 100 c: ... 
u • c: 50 0 
u 

0 
t=O t=< l t= l t=S t= IO 

Age (years) 

Figure 21. Variation ofTi with age. 
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Figure 23. Variation of Cr with age. 
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Figure 29. Variation of Sr with age. 

In the study of the different aged tailing samples, it was expected to observe a 

decreasing trend of concentration of mobile elements and a near-constant concentration 

of HFSE, which are considered immobile. However, this was not the case. Mobile and 

immobile elements both showed variations in their concentrations with respect to time. In 

fact, HFSE abundances in different tailing samples showed some statistical variations 

when at-Test was performed, in particular, on results for Zr, Nb, and Th (See Table 20). 

For example, t-test values between CV-0-A and CV-1 for Zr, Nb, and Th were 3.32, 6.7, 

and 9.52 respectively. In addition, CV-0-A and CV-0-B showed t-Test values for Nb of 

4.97 (t-Test critical value was 2.78 for a confidence level of 95% and 4 degrees of 

freedom) . The other HFSE were not included in the statistical t-Test since their 
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concentrations were near or below the L.D. of the ICP-MS. The mentioned high t-Test 

values suggested that the different aged tailing samples may belong to different 

precursors or ore types. CV-0-A and CV-0-B showed t-Test values forNb of4.97. 

Table 20: t-Test for environmental mobility 

CV-0-A I CV-0-B CV-0-A I CV-1 CV-0-A I CV-5 CV-0-A I 10 

Zr -0.63 3.32 -0.69 -1.78 

Nb 4.97 6.7 1.97 0.22 

Th 0.35 9.52 1.53 1.04 

Another possible reason for these variations m HFSE among different aged 

tailing san1ples may be mass gain or loss (i.e. HFSE mobility), or alternatively, changes 

in the abundance of minerals that contain no HFSE (e.g. quartz) that would lead to 

dilution of these elements in the tailings. In order to resolve this issue, the results of the 

chemical analyses of the different aged tailing samples were plotted on multi-element 

diagrams normalized to a PM-composition and also normalized to the zero-age tailing 

sample CV-0-A. These normalized diagrams are shown and discussed in sections 4.3.1 

and 4.3.2. Explanations about normalization to PM can be review in section 3.2.4. 

4.3 Multi-element Normalization Diagrams of Tailing Samples 

As previously explained in section 3 .2.4, samples were normalized to ease the 

comparison of the tailings. In this part of the study, the tailing samples were not only 

normalized to the composition of the PM but also to the composition of sample CV -0-A. 
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The PM-normalized ratios of the elemental concentrations of the tailing samples are 

plotted on a logaritlunic scale in Figures 30 and 31. The different aged tailing samples, 

normalized to sample CV -0-A (t=O), are shown in Figures 32 and 33. These figures 

portray the tailing samples by their age rather than their sample numbers (see Table 1). 

4.3.1 Normalization of the Tailing Samples to PM 

Figure 30 shows the elemental concentrations of REE in tailing samples 

normalized to PM values, while Figure 31 shows normalized values of REE and HFSE 

also normalized to PM. Note that REE were plotted alone in Figure 30 to facilitate the 

interpretation of the data and to present the geological coherence in that family. These 

graphs also show 1 a error bars for each PM normalized element ratio that represent the 

relative standard deviation of the mean of each element (See formulas and results in 

Appendix 3 and Table 4, respectively). In these figures, a parallel trend exists among the 

different aged tailing samples, with the exception of Cr. Tailing sample CV -0-A (or t=O) 

has a significantly lower concentration of Cr in comparison with the rest of the tailing 

samples and Cr is also somewhat variable in samples t=<1 and t=5 (Figure 31 ). The 

somewhat inconsistent behaviour of Cr in most of the tailing samples reflects, in part, the 

low concentrations of Cr (the lowest normalized values). With the exception of Cr, 

however, the rest of the HFSE and REE follow a parallel trend. 

The general low slope of the PM normalized patterns and their regular, smooth 

shapes are typical of common igneous and sedimentary rocks (Rollinson, 1993). 

Moreover, these smooth PM normalized patterns suggest that none of the HFSE or REEs 
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have been selectively affected (i.e. mobilized) with respect to one another during the 

weathering process, regardless of the age of the tailing sample. In addition, the similarity 

(i.e. parallel nature) of the PM normalized patterns for the different aged tailing san1ples 

suggests that even if different ore types were mined over the ten years represented in this 

study, the HFSE and REE characteristics of these ore types are controlled by a common 

set of trace minerals in the ores that are remarkably similar to one another. From the 

perspective of the HFSE and REE, it appears as if there is one type or one trace element 

composition of ore. Although it is likely that different types of ore were mined in the ten 

year period that this study covers, the HFSE and REE data imply only one composition 

of ore, which makes assessing the relative environmental mobility of HFSE and REE 

much more straightforward. Little to no mobility is discernible except, perhaps, for V, Ti, 

and Cr. It is possible, however, that the source of these scattered results (V, Ti, Cr 

concentrations) might be the steel-based crushing/milling process. This process is 

expected to influence these transition metals but not the HFSE or REE. It is important to 

note that this research was focussed on the environmental mobility of HFSE and REE. 

Therefore, the potential alterations that samples may undergo during the extraction or 

concentration of the iron ore processing (crushing, milling, etc) are beyond the scope of 

the research. For that reason, these scattered results (concentrations of V, Ti, and Cr) 

were not further investigated. 
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Figure 30. REEs in different aged tailing samples normalized to PM. 
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Figure 31. REEs and HFSE in different aged tailing samples normalized to PM. 

4.3.2 Normalization ofthe Tailing Sample to t=O 

The normalization of different aged tailing samples to sample t=O was done to 

emphasize the small but systematic differences in absolute concentration of HFSE and 

REE that exist among the samples. Figure 32 shows the concentration of REE in 

different aged tailing samples normalized to REE in sample t=O, while Figure 33 shows 
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normalized HFSE and REE. As previously mentioned, REE were plotted separate to 

facilitate the interpretation of the data and to present the geological coherence in the REE 

family. It is important to note that each error bar represents 1 a and was calculated using 

the relative standard deviation of the mean of the samples (See appendix 3 - r.s.d. AlB 

and results for r.s.d in Table 4). In these figures, similar to the PM diagrams described 

above, a generally parallel trend exists among the different aged tailing samples. Also, Cr 

does not follow this parallel trend (Figure 33). These diagrams further support the 

conclusion that time has not affected the mobility of HFSE or REEs in the tailing 

samples. 
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Figure 32. REEs in different aged tailing samples normalized to sample t=O. 
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Figure 33. REEs and HFSE in different aged tailing samples normalized to t=O. 

Samples t=O and t<l have virtually identical concentrations overlapping of HFSE 

and REE (except for Cr) suggesting that these two samples have an identical precursor or 

parent. The parallel HFSE and REE normalized patterns of all of the samples suggest that 

they share a common precursor. However, the small and systematic offset of the 

normalized patterns above that of t=O is interpreted to be due to a dilution factor 

introduced by a mineral such as quartz which contains no HFSE or REEs. Quartz is by 

far the most abundant mineral constituent of all of the tailing samples. Based on the 

offsets in the normalized patterns, a dilution factor of approximately two can account for 

the range of HFSE and REEs abundances. Therefore, HFSE and REEs are slightly less 

concentrated in younger tailings than in older tailing samples, due to the addition of 

quartz. 
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Chapter 5 

Conclusions 

In the last decade, the use of ICP-MS in environmental geochemical analysis has 

increased and several systematic improvements in this instrument have been developed. 

These improvements included increased sensitivity, and higher sample throughput. 

Improvements in san1ple preparation procedures, however, have been neglected. For that 

reason, this study focused on a method development for acid digestion using ICP-MS, 

which was subsequently applied to determine environmental mobility. 

This research, a multi-disciplinary study that linked concepts from geology, 

chemistry, and environmental science, accomplished two substantial goals: 1) method 

development to optimize an acid digestion procedure for HFSE using ICP-MS; and 2) 

assessment of environmental mobility of HFSE and REE in variably aged IOC tailing 

samples. In this research, samples from IOC were used, first of all, because the company 

agreed to assist and support this study. Also, the samples were obtained from a mine that 

is currently operating in the province of Newfoundland and Labrador. Environmental 

mobility studies are generally carried out for non-operating mines. Furthermore, IOC 

supplied a sample that was not exposed to weathering, which gave an ideal starting 

composition or baseline for the study of mobility. 

The method development to optimize the acid digestion procedure used at MUN 

was an important part of the study. It consisted of a series of experiments that tested three 

variables of the procedure: 1) length of digestion; 2) acid mixture used; and 3) stability of 
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the resulting solution (a stable solution is defined as a solution that would maintain 

analytes in solution over time). These experiments revealed that the original parameters 

used in this procedure, were optimal. It was concluded that the original procedure, which 

has been used for over a decade at MUN, was the most efficient. For that reason, the 

original acid digestion procedure was used in the investigation of environmental mobility 

of HFSE and REE in the fine-grained mine tailing samples. 

The study of environmental mobility, described in Chapter 4, consisted of the 

assessment of changes in the composition of different aged tailing samples. For this, the 

variations in concentrations of Ti, V, Cr, Rb, Sr, Y, Zr, Nb and Th were plotted. These 

figures showed unexpected variations in the concentrations of mobile and immobile 

elements with respect to time. For this reason, the elemental chemical composition of the 

tailing samples was normalized to the PM concentrations and to tailing sample CV -0-A 

in order to better interpret the variations in concentration. The normalized data show a 

parallel trend with the exception of V, Ti, and Cr. This parallel trend showed a typical 

pattern of PM normalized igneous and sedimentary rocks. Thus, these smooth PM 

normalized patterns suggest that none of the HFSE or REE were mobilized relative to 

one another during weathering. 

From the evaluation of HFSE and REE environmental mobility, it was concluded 

that no mobility was discernible. The small and systematic offset of the normalized 

patterns (Figures 30 to 33) is interpreted to be due to a dilution factor most likely 

introduced by quartz which contains no (or almost no) HFSE or REE. Based on the 

offsets in the normalized patterns, a dilution factor of approximately two can account for 

the range of HFSE and REE concentrations observed. That is, the elemental 
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concentrations of HFSE and REE in younger tailing samples are slightly less than the 

older tailing samples due simply to the addition of quartz. It is important to note that the 

normalized patterns showed scatter in the V, Ti, and Cr concentrations. These results, 

however, were interpreted to be caused by the steel-based crushing/milling process 

(during concentration and extraction of the ore). 

Future research may include additional sampling that would lead to the 

determination of other sources of the scatter in the V, Ti, and Cr concentrations. In 

addition, future research to optimize the acid digestion procedure could include 

additional sampling of the mine tailing dumps and more replicates of the acid digestion 

procedure. This additional information could insure a better quantification of the analyte 

concentrations. Future research could also include more experiments that test stability of 

a solution in order to determine the length of time that a solution remains stable (re­

analyzing samples after a week, two weeks, etc). 
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Appendixes 

Appendix 1. TO -Original acid digestion procedure. 

T: 70°C aprox. 

2 Cycles 

Digestion: 3 days 
2mi8M HN03 

1 ml HF 

Evaporation 

Add 
2 miBM HN03 

1 ml Boric 

Evaporation 

Add 

2 miBM HN03 

Evaporation 

Transfer to 
snap-seal 
container 

Add 
1.3 ml Oxalic Acid (0.222M) 

0.665 ml HF/boric 
(0.113M HF/0.453M boric) 

( Makeupto60g ) 

~ 
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Appendix 2. Extraction and concentration process of IOC. 

The IOC mining operations consist of a series of processes that aim to separate 

tron bearing minerals from waste. These processes include physical extraction and 

concentration of these minerals. In the physical extraction process the ores are mined, 

while in the concentration process the content of iron is enriched. During the extraction, 

holes are drilled and filled with explosive products. Following the explosion, the ore is 

mined using loaders and electrical shovels. Then it is transported by trucks to feed an 

automatic train operation, which transports the ore to primary crushers. In these crushers, 

the size of the ore is reduced (IOC, 2008a). 

The iron concentration process consists of a sequence of steps that upgrade ore 

from approximately 39% to 67%. The iron bearing minerals are separated from the waste 

material and recovered in three processing areas: The Primary Spiral Plant, the Magnetite 

Plant, and the Hematite Plant. The concentration process starts by milling the already 

crushed material in a grinding mill. The smaller particles produced are pumped to the 

Primary Spiral Plant which utilizes gravity separation methods to separate iron bearing 

minerals. These methods include a combination of hydro-cyclones, hindered-settlers, and 

spiral separators. The heavy material is recovered and sold as concentrate, while the 

w1recovered material is separated with a Low Intensity Magnetite Separator (LIMS). In 

this separator two streams are produced: one stream contains magnetite and the other one 

is void of magnetite. The magnetite bearing stream is processed in the Magnetite Plant, 

which includes a series of ball mills, hydro-cyclones, and two additional stages of LIMS. 

The magnetite concentrate produced is pumped to the Pellet Plant. The non-magnetite 
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stream from the first stage of LIMS is further processed in the Hematite Plant, which 

consist in additional screens and spiral separators that recover hematite. The hematite 

concentrate is dewatered using horizontal vacuum filters and then conveyed to either 

concentrate stockpiles, train silos or to the Pellet Plant (IOC, 2008b ). 

The silica based waste, produced in the concentrators (Primary Spiral Plant, the 

Magnetite Plant and the Hematite Plant), is pumped to the mining tailing dump. It is from 

this mining tailing dump that the samples were taken for this research thesis. 
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Appendix 3. Statistical used concepts. 

Mean: (X) sum of the observations divided by the number (n) of observations (Taylor, 
1997). For the purpose of this research, the observations are defined as the sample 
elemental concentrations determined through the chemical analysis. 

Standard deviation: (s) is the measure of the variability of individual members in the 
data set (Taylor, 1997). In this case the data set is composed by the determined 
elemental concentrations of the samples. The standard deviation is given by the 
following formula: 

1 N 
s r.,.r - 1 ~ (X-i - X ) 2 

r - 1 

Standard deviation of the mean: s (i ) is a measure of the variability of the mean of n 
samples (Lomax, 2007). The standard deviation of the mean was calculated by the 
following formula: 

s (x) = s I (n) 112 

Relative standard deviation f the mean: (r.s.d) measures how close the data is to the 

mean. It is measured in terms of percent and was calculated by the following formula: 

r.s.d = (a! X) 100 

Relative standard deviation of A/B (propagation of error through division): the 
relative standard deviation of AlB was calculated by the following formula (Harris, 2002) 

(r.s.d. A/B)2 = (r.s.d A)2 + (r.s.d. B)2 
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Standard deviation of the difference of the means (propagation of error through 
subtraction): the propagation of error through subtraction was calculated through the 
following formula (Harris, 2002) 

t-Test: known as Student's t-Test, is a common statistical analysis developed by 

William Sealy Gossett (Lomax, 2007). This test was selected due to the fact that it 

effectively compares the means of two set of data (A and B) in order to find out if they 

are statistically significant different (Lomax, 2007). This is done by calculating an 

experimental t value. For this, the standard deviation of an individual determination (for 

each set of data) is calculated. Then, the standard deviation of the mean of each set is 

calculated. Subsequently, the difference of the means and the standard deviation of the 

difference of the means (propagation of error through subtraction) are calculated. Finally, 

the t value can be calculated by dividing the difference of the means by the standard 

deviation of the difference of the means (propagation of error through a subtraction). 

This calculated t value is compared with a critical value or threshold, which for this test 

was 2.78 (4 degrees of freedom), a value commonly used in statistical t-Test at a 95% 

confidence level (H. Longerich, personal communication, February 2, 2009). If t-Tests 

results generate larger values than 2. 78 then the means of the two compared groups are 

significantly different. Values, smaller than -2. 78, are considered statistically significant 

as well. 
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Appendix 4. Acid digestion of tailing samples (complete data). 

Element LD CV-0-A LD CV-0-A LD CV-0-B L.D. CV-0-B LD CV-1 
Li 0.75 1.13 1.09 1.33 0.13 0.98 0.94 1.16 0.75 2.29 1.13 0.93 0.06 1.04 0.75 1.13 1.29 1.33 
Ti 3.16 44.5 49.6 53.2 0.67 72.8 58.6 64.6 3.16 75.8 72.9 72.9 n.d. n.d. 3.16 205 193 199 
v 0.16 7.15 6.78 6.58 0.05 7.73 8.29 8.30 0.16 10.4 10.8 10.3 n.d. n.d. 0.16 18.8 18.9 19.5 
Cr 1.80 69.4 61.4 55.9 0.54 3.96 2.61 3.67 1.80 329 337 339 n.d. n.d. 1.80 439 438 451 
Rb 0.34 1.19 0.55 0.89 0.07 1.40 1.84 0.81 0.34 1.07 0.69 0.45 0.19 0.49 0.34 <L.D* 1.00 0.84 
Sr 2.28 6.98 6.88 11.94 0.74 5.79 5.22 5.79 2.28 8.97 9.46 21.2 1.66 8.60 2.28 13.3 15.1 14.7 
y 0.14 4.30 4.00 3.90 0.07 4.05 3.93 4.00 0.14 3.87 3.98 4 .16 0.07 3.64 0.14 6.48 6.56 6.88 
Zr 0.33 4.08 4.21 4.36 0.09 6.25 5.79 5.02 0.33 5.53 5.42 5.03 0.25 4.97 0.33 6.52 6.75 8.73 
Nb 0.19 1.74 1.62 1.62 0.06 1.57 1.81 1.59 0. 19 2.27 2.26 2.10 0.14 1.89 0.19 2.86 2.79 2.99 
1o 1.09 2.27 <L.D* 2.30 0.29 0.58 <L.D* 0.32 1.09 4.36 3.45 3.22 0.85 2.97 1.09 3.93 4.82 6.28 

Cs 0.11 <L.D* <L.D.• <L.D* 0.06 0.41 0.34 0.39 0.11 <L.D* <L.D.• <L.D* 0.06 <L.D.• 0.11 <L.D* <L.D* <L.D* 
Ba 1.46 8.6 1 8.09 18.15 2.02 7.29 6.76 11.19 1.46 15.0 13.3 14.0 0.60 11.76 1.46 17.8 18.6 19.0 
La 0.10 1.90 1.85 3.09 0.02 1.80 2.04 1.61 0.10 2.01 2.08 2.43 0.03 2.24 0.10 3.92 3.86 3.95 
Ce 0.11 4. 15 4.01 5.88 0.04 3.61 4.30 3.47 0. 11 3.59 3.55 4.09 0.04 3.92 0.11 6.79 6.71 6.64 
Pr 0.07 0.45 0.46 0.70 0.02 0.40 0.40 0.35 O.D7 0.45 0.51 0.59 0.02 0.52 0.07 0.84 0.87 0.87 
Nd 0.69 2.04 1.89 2.96 0.16 1.59 1.50 1.48 0.69 202 2.12 2.23 0.39 2.22 0.69 3.27 3.63 3.43 
Sm 0.32 0.52 0.50 0.73 0.13 0.33 0.25 0.22 032 0.47 0.4 1 0.46 0.18 0.48 0.32 0.63 0.76 0.79 
Eu 0.11 0.21 0.19 0.22 0.04 0.15 0.13 0.11 0.11 0. 17 0.16 0.17 0.06 0. 19 0.11 0.25 0.27 0.29 
Gd 0.23 0.58 0.54 0.60 0.12 0.54 0.45 0.49 0.23 0.51 0.51 0.54 0.12 0.52 0.23 0.79 0.84 0.80 
Tb 0.05 0.10 0.09 0.10 0.01 0.08 0.06 0.06 0.05 0.08 0.08 0.09 0.02 0.08 0.05 0.12 0.13 0. 14 
Dy 0.18 0.69 0.59 0.62 0.06 0.54 0.49 0.50 0. 18 0.57 0.58 0.61 0.08 0.57 0. 18 0.88 0.95 0.97 
Ho 0.04 0. 14 0.14 0.14 0.02 0.14 0.11 0.11 0.04 0.12 0.13 0.13 0.02 0.12 0.04 0.20 0.21 0.21 
Er 0.16 0.50 0.48 0.49 0.06 0.39 0.33 0.36 0. 16 0.40 0.37 0.46 0.08 0.38 0. 16 0.58 0.71 0.68 
Tm 0.04 0.08 0.10 0.10 0.01 0.06 0.04 0.06 0.04 0.06 0.09 0.10 0.01 O.D7 0.04 0.08 0.13 0. 13 
Yb 0.19 0.53 0.47 0.51 0.07 0.40 0.34 0.33 0. 19 0.38 0.38 0.43 0.12 0.36 0.19 0.6 1 0.63 0.66 
Lu 0.04 0.07 0.07 0.07 0.02 0.06 0.04 0.05 0.04 0.06 0.05 0.06 0.02 0.05 0.04 0.08 0 .09 0.08 
Hf 0.20 <L.D.* <L.D* <L.D* 0.11 0.14 <0. 11 <0.11 0.20 <L.D* <L.D* <L.D* 0.13 0.14 0.20 <L.D* <L.D* <L.D* 
Ta 0.04 1.61 1.62 1.56 0.03 1.53 1.63 1.60 0.04 <L.D* <L.D.• <L.D* 0.03 0.03 0.04 <L.D* <L.D* <L.D* 
Tl 0.20 <L.o .• <L.D.• <L.D* 0.04 <L.o .• <L.D.• <L.o.• 0.20 <L.D.• <L.D.• <L.D.• 0.03 <L.o .• 0.20 <L.D* <L.o .• <L.D.• 
Pb 0.46 0.53 <L.D* 1.61 1.88 <L.D* <L.D* <L.D* 0.46 0.72 0.69 0.54 0 .19 0.50 0.46 <L.D* 0.54 0.70 
Bi 0.07 <L.D.• <L.D* 0.08 0.02 <L.D* <L. D* <L.D* 0.07 0.11 0. 11 0.09 0.02 <L.D.• 0.07 <L.D* 0.11 <L.D.• 
Th 0.05 0.09 0.10 0.12 0.01 0.07 0.10 0.05 0.05 0.08 O.D7 0.11 0.02 0.12 0.05 0.21 0.20 0.21 
u 0.05 0.07 0.09 0.11 0.01 0.06 0.05 0.06 0.05 <L.D* <L.D* <L.D* 0.02 0.03 0.05 <L.D* 0.08 0.07 

*Values below the limit of detection of the instrument. ote that concentration umt are ppm and elements that were not determined show n.d. 
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00 

Appendix 4. (continued). 

Element L.D. CV-1 CV-1 LD CV-S L.D. CV-S LD CV-10 L.D. 
Li 0.06 2 .44 1.50 0 .75 1.09 0.81 <L.D.* 0.06 0 .87 0 .75 0.80 1.23 1.02 0.06 
Ti 3 .16 205 197 183 3 .16 113 13 1 138 
v 0. 16 16 .8 17 .9 14.8 0 .16 10.5 12.6 13.63 
Cr 1.80 279 288 269 1.80 23 1 260 309 
Rb 0. 19 0 .96 0.88 0 .34 0.95 0.70 0.19 0 .97 0.34 1.42 1. 12 0 .92 0.19 
Sr 1.66 14 .1 14.1 2 .28 12 .6 12.3 11.8 1.66 13 .1 2 .28 10 .6 11.2 11.5 1.66 
y 0.07 6 .30 6.46 0 .14 6 .55 6.34 6 .14 0.07 6 .76 0 .14 5.44 5.48 5.40 0.07 
Zr 0.25 0 .33 5 .33 5.15 4 .18 0.25 5.88 0.33 3.76 5.43 4.42 0.25 
Nb 0. 14 2.30 2.30 0 . 19 1.88 1.78 1.49 0. 14 1.79 0 .19 1.36 1.51 1.56 0.14 
Mo 0.85 3 .84 3.73 1.09 4 .24 4 . 17 4 .89 0.85 3 .88 1.09 2.3 1 2 .63 2 .56 0.85 
Cs 0.06 <L.D.* < L.D* 0 . 11 <L.D. * <L.D* <L.D.* 0.06 <L.D* 0 . 11 <L.D* <L.D.* <L.D* 0.06 
Ba 0.60 18 .0 18.2 1.46 17 .6 24.4 17 .9 0.60 18.8 1.46 16.05 17 .09 17.7 0.60 
La 0.03 3 .73 3.83 0 .10 3 .28 3.13 3 .56 0.03 3 .63 0 .10 2.63 2 .73 2 .92 0.03 
Ce 0.04 6 .40 6.72 0 . 11 5 .32 5.06 5.63 0.04 6 .04 0 . 11 4 .87 4 .91 5 .19 0.04 
Pr 0.02 0 .83 0.87 0 .07 0 .73 0.75 0 .79 0.02 0 .78 0 .07 0.60 0.65 0.68 0.02 
Nd 0.39 3 .36 3.32 0 .69 3.34 3.18 3 .11 0.39 3 .30 0 .69 2.57 2 .57 2 .64 0.39 
Sm 0.18 0 .73 0.68 0 .32 0 .8 1 0.66 0 .6 1 0.18 0 .68 0 .32 0.55 0.56 0 .51 0.18 
Eu 0.06 0 .26 0.25 0 . 11 0 .29 0.23 0 .22 0.06 0 .28 0 . 11 0.22 0.20 0. 19 0.06 
Gd 0.12 0 .80 0.77 0 .23 0 .8 1 0.75 0.73 0.12 0 .85 0 .23 0.76 0.72 0.69 0.12 
Tb 0.02 0 . 13 0. 12 0.05 0 .17 0. 13 0. 11 0.02 0 .14 0 .05 0. 1 1 0.10 0 .10 0.02 
D y 0.08 0 .87 0.93 0 .18 0 .94 0.83 0.84 0.08 0 .98 0 .18 0.83 0.78 0.76 0 .08 
Ho 0.02 0 .26 0.2 0 0 .04 0 .22 0.20 0.19 0.02 0 .2 1 0 .04 0. 18 0.17 0. 16 0 .02 
Er 0.08 0.66 0.65 0 .16 0 .7 1 0.63 0.59 0.08 0 .69 0 .16 0 .54 0.54 0 .56 0.08 
Tm 0.0 1 0 . 11 0. 12 0 .04 0 .11 0. 13 0.12 0.01 0 .09 0 .04 0.08 0.12 0 . 11 0.0 1 
Yb 0. 12 0.62 0.64 0 .19 0 .70 0.61 0.58 0. 12 0 .64 0 .19 0.55 0.53 0.48 0.12 
Lu 0.02 0 .08 0.08 0 .04 0 .09 0.08 0.08 0.02 0 .09 0 .04 0.08 0.07 0 .07 0.02 
Hf 0.13 0 .57 0.43 0 .20 <L.D* < L.D.* < L.D .* 0.13 0 .76 0 .20 <L.D* < L.D .* <L.D.* 0. 13 
Ta 0.03 0 .05 0.04 0 .04 0 .05 < L.D * < L.D.* 0.03 0 .03 0.04 <L.D .* < L.D* <L. D.* 0.03 
Tl 0.03 0 .04 0.04 0 .20 <L.D* < L.D.* < L.D. * 0.03 <0 .032 0 .20 < L.D* < L.D.* <L.D* 0.03 
Pb 0.19 0 .52 0.72 0.46 <L.D.* < L.D.* < L.D.* 0. 19 0 .40 0.46 < L.D.* <L.D.* <L.D.• 0. 19 
Bi 0.02 0 .03 0.04 0 .07 0 . 17 0. 11 0. 12 0.02 <0 .019 0 .07 < L.D .• <L.D* <L.D.• 0.02 
Th 0.02 0 .26 0.22 0 .05 0 . 15 0.09 0 .09 0.02 0 .14 0 .05 <L.D* 0.13 0 .08 0.02 
u 0.02 0 .09 0.11 0 .05 0 .07 0.08 0.08 0.02 0 .04 0 .05 <L. D .• 0.06 0.05 0.02 

*Values below the l1ID1t of detection of the mstrument. Note that concentratiOn umt are ppm and elements that were not determmed show n.d. 
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Appendix 5. Primitive Mantle composition. 

Element (ppm) 

Th 0.085 

Nb 0.71 3 

La 0.687 

Ce 1.78 

Pr 0.276 

Nd 1.35 

Zr 11 .2 

Sm 0.444 

Eu 0.168 

Gd 0.596 

Dy 0.737 

Ho 0.164 
y 4.55 

Er 0.48 

Yb 0.493 

Lu 0.074 

Ti 1300 

v 82 

Cr 2940 

Sr 21.100 

Rb 0.635 

(Rollinson, 1993) 
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Appendix 6. Complete data for length of digestion experiments. 

Element L.D. I day digestion 2 day digestion 3 day digestion 4 day digestion 5 day digestion 6 day digestion 7 day digestion 

L i 0.30 31.7 31.3 32.4 30.6 30.4 29.0 30.6 28.6 31.0 31.4 31.6 29.0 31.9 30.2 
Rb 0.47 170 183 159 169 142 141 157 144 171 177 175 142 158 160 
Sr 2.65 495 536 473 489 415 419 46 1 405 489 491 481 393 452 459 
y 0.25 8.29 9. 13 7.59 8.34 6.98 6.98 7.72 6.83 7.81 8. 19 8.07 6.46 7.5 1 7.50 

Z r 0.67 39.1 39.1 38.1 39.9 36.3 35.8 35.4 34.5 39.3 47.0 47.8 40.0 44.0 43.4 
Nb 0.44 13.6 14.2 13.0 13.4 12.3 12.2 12.9 11.9 13.6 13.7 13.7 12.0 13.5 13.4 
Mo 2.64 <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. 
Cs 0.17 1.59 1.49 1.43 1.47 1.43 1.33 1.34 1.28 1.40 1.36 1.38 1.26 1.29 1.32 
Ba 1.64 2423 2583 24 17 2467 2265 2199 2360 2155 2426 2496 2442 2192 2473 2399 
La 0.14 89.6 94.0 88.6 90.0 82.5 81. 1 86.2 79.2 89.2 91.7 89.4 81.1 90.7 88.2 
Ce 0.14 174 183 168 164 152 147 162 145 164 168 164 148 159 153 
Pr 0.12 17.2 17.6 16.4 17.1 15.8 15.3 16.4 15.0 16.8 17.2 16.8 15.4 17.1 16.3 
Nd 1.86 54.2 57.5 52.2 54.2 49.3 48.3 52.5 47.2 53 . 1 54.4 52.6 47.3 53 .5 51.3 
Sm 0.91 7.47 7.78 7. 10 7.02 6.59 6.44 6.76 6.28 6.77 6.81 6.87 6 03 6.63 6.48 
E u 0.32 1.50 1.53 1.38 1.44 1.30 1.24 1.31 1.17 1.27 1.28 1.24 1.09 1.23 1.20 
Gd 0.63 3.09 3.29 2.79 3.05 2.86 2.72 2.84 2.59 2.74 2.75 2.68 2.46 3.00 2.9 1 
T b 0.12 0.4 1 0.4 1 0.36 0.35 0.31 0.30 0.32 0.31 0.3 1 0.30 0.29 0.26 0.27 0.27 
Dy 0.5 1 2.19 2.24 2.04 2.09 1.8 1 1.76 1.96 1.82 1.82 1.81 1.87 1.63 1.77 1.64 
Ho 0.11 0.36 0.35 0.31 0.31 0.27 0.26 0.28 0.25 0.25 0.26 0.26 0.23 0.24 0.23 
E r 0.47 0.94 0.89 0.78 0.69 0.73 0.63 0.58 0.60 0.58 0.50 0.58 0.46 0.45 0.44 
T m 0.08 0.09 0.10 0.08 <L.D. 0.12 0.11 <L.D. 0.09 0.13 <L.D. 0. 10 0.11 <L.D. <L.D. 
Yb 0.69 0.73 <L.D. <L.D. <L.D. <L.D. <L. D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. 
L u 0. 13 <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. 
Hf 0.81 1.56 1.24 1. 11 1.22 0.93 0.82 0.84 <L.D. <L.D. 0.96 0.95 <0.81 0.96 0.83 
Ta 0.16 0.92 0.93 0.88 0.91 0.84 0.82 0.81 0.79 0.82 0.84 0.86 0.77 0.93 0.87 
T l 0. 16 0.97 0.96 0.91 0.85 0.9 1 0.86 0.80 0.84 0.89 0.76 0.90 0.85 0.79 0.85 
Pb 0.58 31.3 30.1 30.7 29.5 29.0 28.3 29.6 28.0 29.7 30.7 30.2 28.6 31. 1 29.2 
Bi 0.16 <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. <L.D. 
T h 0.17 24.8 24.4 24.3 25.1 23.8 23 .0 25.6 24.0 25 .1 26.4 26.4 24.3 25 .7 24.1 
u 0.10 1.79 1.79 1.62 1.63 1.59 1.67 1.55 1.59 1.95 1.86 1.82 1.58 1.74 1.64 

*Values below the hm1t of detection of the mstrument. 



Appendix 7. Triall (Tl)- No H3B03• 

T: 70°C aprox. 

2 Cycles 

Digestion: 3 days 
2 mi8M HN03 

1 ml HF 

Evaporation 

Add 
2 mi8M HN03 

Evaporation 

Add 

2 mi8M HN03 

Evaporation 

Transfer to 
snap-seal 
container 

Add 
1.3 ml Oxalic Acid (0.222M) 

0.665 ml HF/boric 
(0.113M HF/0.453M boric) 

+ 
( Makeupto60g ) 

+ 
20X 

(0.5g /10g HN03 
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Appendix 8. Tria12 (T2)- Heating H2C20 4+HF/ H3B03 mixture. 

T: 70°C aprox. 

2 Cycles 

Digestion: 3 days 
2 mi8M HN03 

1 ml HF 

Evaporation 

Add 
2 mi8M HN03 

Evaporation 

~ 
Add 

2 mi8M HN03 

Evaporation 

+ 
Add 

2mi8M HN03 
1.3 ml Oxalic Acid (0.222M) 

0.665 ml HF/boric 

~ 
Transfer to 
snap-seal 
container 

+ c Make up to 60 g ) 
~ 

20X 
(0.5g I 10g HN03 
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Appendix 9. Trail 3 (T3) - 2 mL of HF. 

T: 70°C aprox. 

2 Cycles 

Digestion: 3 days 
2 mi8M HN03 

2 ml HF 

Evaporation 

Add 
2 mi8M HN03 

Evaporation 

Add 

2 mi8M HN03 

Evaporation 

Transfer to 
snap-seal 
container 

Add 
1.3 ml Oxalic Acid (0.222M) 

0.665 ml HF/boric 
(0.113M HF/0.453M boric) 

+ 
( Make up to 60 g ) 

+ 
20X 

(O.Sg I 1 Og HN03 
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T: 70°C aprox. 

2 Cycles 

Digestion: 3 days 
2 mi8M HN03 

1 ml HF 

Evaporation 

Add 
2 mi8M HN03 

1 ml Boric 

Evaporation 

Add 

Evaporation 

Transfer to 
snap-seal 
container 

Add 
0.665 ml HF/boric 

(0.113M HF/0.453M boric) 

( Make up to 60 g ) 

~ 
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Appendix 11. TrialS (TS)- No HF/H3B03. 

T: 70°C aprox. 

2 Cycles 

Digestion: 3 days 
2 mi8M HN03 

1 ml HF 

Evaporation 

Add 
2 mi8M HN03 

1 ml Boric 

Evaporation 

Add 

2 mi8M HN03 

Evaporation 

Transfer to 
snap-seal 
container 

Add 
1.3 ml Oxalic Acid (0.222M) 

( Make up to 60 g ) 

+ 

95 



Appendix 12. Trial 6 (T6)- Different concentration HF/ H3B03 mixture (a). 

T: 70°C aprox. 

2 Cycles 

Digestion: 3 days 
2 mi8M HN03 

1 ml HF 

Evaporation 

Add 
2 mi8M HN03 

Evaporation 

Add 

2 mi8M HN03 

Evaporation 

Transfer to 
snap-seal 
container 

Add 
1.3 ml Oxalic Acid (0.222M) 

0.665 ml HF/boric 
(0.906M HF/0.113M boric) 

( Make up to 60 g ) 

~ 
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Appendix 13. Trial 7 (T7)- Different concentration HF/H3B03 mixture (b). 

T: 70°C aprox. 

2 Cycles 

Digestion: 3 days 
2 mi8M HN03 

1 ml HF 

Evaporation 

Add 
2 mi8M HN03 

1 ml Boric 

Evaporation 

Add 

Evaporation 

Transfer to 
snap-seal 
container 

Add 
1.3 ml Oxalic Acid (0.222M) 

0.665 ml HF/boric 
(0.453M HF/0.113M boric) 

( Make up to 60 g ) 

+ 
20X 

(0.5g / 10g HN03 
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Appendix 14. First set of experiments (TO, Tl, T2, T3 and T4). 

E lement L.D. TO Tl T2 T3 T4 
Li 0.13 0 .98 0.94 1.16 1.37 1.00 0.99 l.l 0 1.09 1.05 1.03 0.97 0 .99 1.03 
Ti 0.67 72.8 58.6 64.6 50.8 54.2 53.0 59.9 71.7 65 . 1 64.4 52.2 87. 1 5 1.5 
v 0.05 7 .73 8.29 8.30 8 .10 8.05 7 .72 8 .06 8 .83 8.48 8.73 8.32 7 .71 7 .61 
Cr 0.54 3 .96 2.61 3.67 2.60 3.94 3 .09 4 .55 4.42 4 .07 5 .95 4 .26 3 .91 3 . 10 
Rb 0.07 1.40 1.84 0 .81 0.41 1.06 0.54 0 .54 2.77 0.56 0.45 1.53 0 .54 0.41 
Sr 0.74 5 .79 5 .22 5 .79 6 .32 6 .1 3 5 .71 5 .72 17.0 6 .64 6 .00 6 .26 5 .74 6.13 
y 0.07 4 .05 3 .93 4 .00 4 .26 4.17 3 .95 4 . 12 4.28 4.35 4.24 4.26 4.45 4.09 
Zr 0.09 6 .25 5.79 5.02 5 .02 5.83 5.24 5.40 5.78 5.85 5.30 5 .58 14.96 4.88 
Nb 0.06 1.57 1.81 1.59 1.54 1.62 1.56 1.56 1.63 1.63 1.65 1.70 1.65 1.51 
Mo 0.29 0 .58 L.D.* 0.32 L.D.* 0.41 0.50 0.64 0 .61 0 .63 0.41 0.67 0 .50 0.47 
Cs 0.06 0.41 0.34 0.39 0 . 19 0.17 0 .21 0.47 0.49 0.33 0.37 0.43 0 .31 0.32 
Ba 2 .02 7.29 6.76 11.19 8 .57 9.48 8.16 8.46 20.3 38.62 9.41 8.43 6.99 8.14 
La 0.02 1.80 2.04 1.61 2.01 2.55 1.73 1.85 2.04 2.48 1.80 1.80 2 .02 1.94 
Ce 0.04 3 .61 4.30 3.47 3 .80 4.62 3.84 3 .77 4.07 4 .51 3.77 3.73 3.83 3.81 
Pr 0.02 0.40 0.40 0 .35 0.47 0 .52 0.41 0.44 0.46 0.56 0.43 0.39 0.44 0.45 
Nd 0 .16 1.59 1.50 1.48 1.70 2.14 1.75 1.78 1.92 2 .22 1.72 1.61 1.78 1.88 
Srn 0.13 0.33 0 .25 0 .22 0 .37 0.45 0 .39 0.41 0.41 0.45 0.39 0.40 0.43 0 .39 
Eu 0.04 0 . 15 0 . 13 0.11 0 . 13 0.17 0 . 15 0 . 16 0 . 17 0.20 0 . 16 0.17 0.16 0 . 16 
Gd 0 .1 2 0 .54 0.45 0.49 0 .50 0.60 0 .56 0 .58 0 .57 0 .62 0.58 0 .56 0.55 0 .5 7 
Tb 0.01 0 .08 0 .06 0 .06 0 .07 0.08 0 .08 0.07 0.07 0 .08 0.08 0 .08 0.08 0 .08 
D y 0.06 0 .54 0.49 0 .50 0 .51 0.56 0.50 0.57 0 .59 0 .58 0.55 0 .55 0.57 0.55 
Ho 0.02 0 . 14 0 . 11 0.11 0 . 12 0.13 0.13 0.13 0.14 0.14 0.13 0 . 13 0 . 14 0.13 
Er 0.06 0.39 0 .33 0.36 0.44 0.40 0.40 0.43 0.44 0.44 0.43 0.44 0.45 0.44 
Trn 0.01 0.06 0.04 0.06 0 .08 0.06 0 .07 0.09 0 .06 0 .08 0.08 0.07 0.09 0.09 
Yb 0 .07 0.40 0.34 0 .33 0 .39 0.44 0.38 0.43 0.42 0.43 0.45 0.48 0.49 0.42 
Lu 0 .02 0.06 0 .04 0 .05 0 .04 0.07 0 .06 0.07 0 .07 0.07 0.07 0.07 0.09 0.07 
Hf 0 .11 0.14 0 .09 L .D.* L.D.* L.D.* L.D.* L.D.* 0.16 L.D.* L.D.* 0.11 0.34 0.04 
Ta 0.03 1.53 1.63 1.60 1.58 1.59 1.56 1.63 1.63 1.72 1.61 1.48 1.51 1.50 
Tl 0.04 L.D.* L.D.* L.D.* L.D.* L.D.* L.D.* L.D.* L .D.* L.D.* L.D.* L.D.* L.D.* 0.04 
Pb 1.88 L .D.* L.D.* L.D.* L .D .* L.D.* L.D.* L.D.* L .D.* L.D.* L.D.* L .D.* L.D.* L.D.* 
Bi 0.02 L.D.* L .D .* L.D.* L.D.* L .D.* L .D .* L .D .* L.D.* 0 .04 0 .04 L.D.* 0 .03 0 .03 
Th 0.01 0.07 0 . 10 0.05 0 .05 0.08 0.05 0 .07 0.09 0 .08 0.06 0 .06 0 . 14 0 .06 
u 0.01 0.06 0 .05 0.06 0 .08 0.06 0 .08 0.08 0.07 0.08 0.08 0 .08 0 . 12 0 .09 

*Values below the limit of detection of the instrument. 



Appendix 15. First set of experiments (T4, TS, T6, T7 and T8). 

E le m e nt L .D. T4 T S T6 T7 TS 
L i 0.34 1.30 1.21 21.56 1.09 1.17 1.02 1.08 I. II 1.77 1.22 1.06 0.98 1.09 
T i 4.73 55.7 55.4 61.4 47.0 50.6 42.5 50.6 70.9 64.4 55 .5 49.4 48.4 58.0 
v 0.23 9.2 8.6 7 .6 6 .8 7.7 6.6 7.5 7.5 9 .0 8.6 7.2 7.3 8.4 

C r 1.47 4.3 3.9 4 .2 3.4 4.6 3.1 3.1 2.8 5.6 4 .0 3.3 4.4 4.8 
R b 0.56 1.97 0.80 0.65 1.12 0.72 0.43 1.05 < L.D.* 0 .63 1.14 < L.D.* < L.D.* < L.D.• 
Sr 2.02 7 .70 7.35 6.81 6.08 6.94 5.84 6.76 6.11 7 .90 7 .31 6.54 5.75 6 .28 
y 0.15 4.88 4.65 4.02 3.79 4.31 3.71 4.08 4.08 4.97 4 .78 4.09 3.93 4.67 

Z r 0.41 6.41 5.48 5.97 4.69 5.29 5.68 6.52 6.19 6 .64 6.10 4 .61 4.96 9.68 
N b 0.30 1.90 1.83 1.77 1.61 1.79 1.53 1.77 1.69 2.08 2 .07 1.66 1.58 1.71 
Mo 1.53 < L.D.• < L.D.• < L.D.• < L.D.• < L.D.• < L.D.• < L.D.• < L.D.* < L.D.• < L .D .* < L.D.• < L.D.• < L.D.• 
Cs 0.25 0 .36 0.30 0 .26 < L.D. * < L.D.* < L.D.• < L.D.• < L.D. * < L.D.• < L.D.* < L.D.* < L.D.* < L .D .* 
B a 2.02 10 . 1 9.9 10.3 7 .9 10. 1 10.1 8.9 7.5 6.9 9 .3 7.4 8.8 9 .5 
La 0.21 2.47 2.00 2 . 16 1.73 2.27 1.72 1.77 1.92 2 .05 2 .00 2.01 1.73 2 .19 
Ce 0.12 4 .6 4.0 4 .0 3 .5 4.3 3.6 4.0 3.9 4.3 4.3 4 .0 3.5 4. 1 
P r 0.10 0.53 0.50 0.47 0.41 0.52 0.41 0.42 0.45 0 .51 0.46 0.48 0.43 0.54 
N d 1.17 2.54 2.19 2.02 1.89 2.32 1.80 2.01 1.91 2 .29 2 .20 1.91 1.60 2 .22 
Sm 0.63 0 .68 < L.D.* < L.D.* < L.D.* 0 .73 < L.D.* < L.D.* < L.D. * 0 .76 < L.D.* < L.D.* < L.D.* < L.D.* 
E u 0.18 0 .24 0.21 0 .21 0.22 0.24 < L.D.* < L.D. * < L.D.* 0 .25 0.23 0.20 < L.D.* < L.D.* 
G d 0.37 0 .77 0.70 0.64 0.59 0 .70 0 .53 0.50 0.48 0 .70 0 .67 0.58 0.54 0.55 
Tb 0 .07 0 . 11 0.10 0.10 0.10 0.11 0.09 0.08 0.10 0 . 11 0 . 10 0.08 0.08 0.08 
Dy 0.25 0.70 0.65 0.65 0.62 0.67 0.5 1 0.58 0.53 0 .75 0.72 0.57 0.61 0.68 
Ho 0.06 0.17 0.16 0.14 0.14 0.15 0.12 0.14 0.12 0.17 0.17 0.13 0.15 0.14 
Er 0.23 0 .59 0.54 0.52 0.49 0 .57 0.42 0.46 0.47 0.58 0.56 0.49 0.48 0 .62 

T m 0.05 0.09 0.10 0.10 0.08 0 . 10 0.09 0.07 0.09 0 . 12 0 .09 0.09 0.09 0.13 
Yb 0.32 0.59 0.54 0.51 0.48 0.54 0.42 0.49 0.40 0 .60 0.57 0.45 0 .51 0.52 
Lu 0.07 0.10 0.09 0 . 10 0.08 0.09 0.07 < L.D.* 0.07 0.10 0.09 0.07 0 .07 < L.D.• 
Hf 0.29 0.29 < L.D.* < L.D.• < L.D. * < L.D.* < L .D .* < L.D.* < L.D.* < L.D.* < L .D . * < L.D.* <L. D .* < L.D.* 
Ta 0 .06 1.74 1.57 1.56 1.37 1.49 1.42 1.54 1.47 1.80 1.78 1.49 1.54 1.62 
Tl 0 . 12 < L.D.• < L.D.* < L.D.* < L.D. * < L.D.* < L.D.• < L .D .* < L.D.* < L.D.* < L.D.* < L.D.* < L.D.* < L.D.* 
Pb 0 .40 0.54 0.54 0 .62 < L.D. * 0 .73 0.46 < LD.* 0.41 0 .63 0.60 < L.D.* < L.D.* 0.43 
Bi 0 .08 < L.D.* < L.D.* < L.D.• < L.D.* < L.D.• < L.D.* < L.D.* < L.D.* < L.D.* < L.D.* < L.D.* < L.D.* < L.D.* 
T h 0.07 0.12 0.07 0.08 0.08 0.10 0.07 0.08 < L.D.* 0 .08 0.08 < L.D-* < L.D.* 0.08 
u 0 .07 0.08 0.09 0.10 0.07 0.11 0.08 0 .05 0.09 0 . 11 0 .08 0.08 0.07 0 .11 

\0 

\0 *Values below the limit of detection of the instrument 



0 
0 

Appendix 16. First set of experiments (TO lOX, TllOX, T2 lOX, and T3 lOX). 

Element L.D. TO lOX TllOX 
Li 0.34 0.76 0.6 1 0.78 1.50 1.22 1.26 
Ti 4.73 77.1 52.7 57.7 39.7 47.2 51.5 
v 0.23 8.33 8.21 8.04 6 . 19 7.21 7.35 
Cr 1.47 3 .52 2 .31 3.00 2.16 3.07 2.58 
Rb 0 .56 <L.D.* <L.D.* < L.D.* < L.D.* < L .D .* < L.D.* 
Sr 2.02 4.7 1 2.81 3 .47 6.61 6.18 6.51 
y 0.15 4.29 4.03 3.97 3.85 4 . 12 4 .22 
Zr 0.41 5.87 4 .93 4.97 4 .61 4 .79 5.46 
Nb 0.30 1.59 1.83 1.52 1.64 1.81 1.88 
Mo 1.53 <L.D.* < L.D.* < L.D. * < L.D.* < L .D.* <L.D.* 
Cs 0.25 <L.D.* <L.D.* < L.D.* < L.D* <L.D.* < L.D .* 
Ba 2.02 5 .50 4.13 9.69 12.12 8 .68 8.98 
La 0 .21 1.90 1.96 1.55 1.95 2.53 1.87 
Ce 0.12 3.93 4.59 3.69 3 .81 4 .81 4 .31 
Pr 0.10 0 .31 0 .29 0.27 0.52 0 .54 0.44 
Nd 1.17 <L.D.* < L.D.* < L.D.* 1.90 2 . 15 1.90 
Sm 0 .63 <L.D.* < L.D.* <L.D.* <L.D.* < L.D* < L.D.* 
Eu 0.18 <L .D .* <L.D.* <L.D* < L.D.* 0 . 18 0.18 
Gd 0.37 < L.D.* <L.D.* < L.D.* 0.52 0 .6 1 0.52 
Tb 0.07 < L.D .* <L.D.* <L.D.* 0.07 0.09 0.08 
Dy 0.25 <L.D.* < L.D.* < L.D.* 0.54 0.64 0.61 
Ho 0.06 <L.D.* < L.D.* < L.D* 0.12 0 . 14 0. 14 
Er 0.23 <L.D.* < L.D* < L.D* 0.50 0.42 0.49 
Tm 0.05 <L.D.* <L.D.* < L.D.* 0.16 0.07 0.08 
Yb 0.32 <L.D.* < L.D.* < L.D.* 0.41 0.41 0.44 
Lu 0 .07 <L.D.* < L.D.* < L.D.* < L.D.* < L.D.* 0.07 
Hf 0.29 <L.D.* <L.D.* < L.D.* <L.D.* < L.D.* < L.D.* 
Ta 0.06 1.54 1.48 1.44 1.32 1.53 1.58 
TI 0.12 <L.D.* <L.D.* <L.D.* 0.14 <L.D.* < L.D.* 
Pb 0.40 <L.D.* <L.D.* < L.D.* 0 .78 <L.D.* < L.D.* 
Bi 0.08 <L.D.* <L.D.* <L.D.* <L.D* < L.D.* < L.D.* 
Th 0.07 <L.D.* <L.D.* <L.D.* < L.D.* 0.07 < L.D.* 
u 0 .07 <L.D.* < L.D.* < L.D.* 0.15 0.07 0.08 

*Values below the limit of detection of the instrument. 

T2IOX T310X 

1.50 1.37 1.27 1.25 
55 .1 60.0 54.6 53.2 
7 .35 7.36 6.96 7 .15 
3.51 3 .37 2.75 4 .30 

<L.D.* < L.D.* <L.D.* < L .D.* 

6.04 17.29 6 .28 6 .05 
4 . 12 4.32 4.27 4.12 
5 .35 5 .20 5.60 4.87 
1.78 1.85 1.81 1.87 

<L.D.* < L.D.* <L.D.* <L.D.* 
<L.D.* < L.D.* <L.D.* < L.D.* 

8 .81 21.00 7.79 9.05 
1.91 2 .00 2.45 1.82 
3.97 4.50 4.88 4 .23 
0.48 0.46 0 .56 0.44 
1.75 1.92 2.30 1.80 

<L.D.* < L.D.* <L.D.* <L.D.* 
< L.D.* 0. 19 0. 19 <L.D.* 

0 .52 0 .56 0.58 0.54 
0.08 0.09 0.08 0.10 
0.59 0.6 1 0.63 0 .62 
0.13 0. 14 0.14 0 . 13 
0.45 0.44 0.45 0.47 
0.10 0.07 0.09 0.09 
0 .38 0.4 1 0.45 0.46 

<L.D.* <L.D.* <L.D.* 0 .07 
<L.D.* <L.D.* <L.D.* <L.D.* 

1.92 1.84 1.88 1.85 
<L.D.* <L.D .* <L.D.* < L.D.* 

0 .72 0.56 <L.D.* <L.D.* 
<L.D.* < L.D.* <L.D* < L.D.* 
<L.D.* 0 .07 0.08 0 .07 

0.11 < L.D.* 0.08 0 .08 



Appendix 17. First set of experiments (T3, T3, T3 lOX, T4 lOX, TS lOX). 

E lement L.D . T3 TB T3 10X T41 0X T5 10X 
Li 5.04 <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* 
Ti 2 .98 81 .9 51 .7 43.6 83.8 48.2 44.1 48.3 53.6 43.3 42.4 
v 0.22 7.43 8 .04 7.13 7.34 7 .27 7.44 7.53 6 .77 6 .35 6 .79 
C r 2 .32 60.3 176 63.7 77.3 91.6 103 117 105 98.9 114 
Rb 4 .20 <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* 
S r 1.84 4 .81 6 .03 5 .30 5.46 5 .10 5 .33 5.49 5.78 5 .30 5 .62 
y 0 .17 4.43 4 .23 3 .99 4 .55 3 .86 3 .87 4.03 4 .09 3 .75 4 .07 
Zr 0.39 17.4 6 .32 4.96 15.1 4.71 4.40 4 .58 6 .21 4 .60 4 .85 
Nb 0.21 1 .84 1 .89 1 .73 1.89 1 .58 1.58 1.68 1 .88 1 .66 1 .74 
Mo 1.25 <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* 
Cs 0 .54 <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* 
Ba 2 .16 6 .11 11 .0 8 .05 7 .31 7 .69 8 .07 8 .84 10.1 15.9 8 .92 
La 0 .13 1.97 1 .99 1 .72 2 .07 1 .87 1 .98 1.75 2 .13 1 .80 2 .20 
Ce 0.12 4 .35 4 .30 3 .83 4.32 4.02 4 .01 3 .92 4 .74 4 .04 4 .68 
Pr 0 .10 0 .35 0.43 0 .36 0.42 0 .39 0.40 0 .38 0 .39 0.42 0.43 
Nd 1 .22 <L.D* 2.04 <L.D* 1.39 1.46 1 .31 1 .37 1.40 1.47 1.69 
Sm 0 .63 <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* 
Eu 0.18 <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* 
Gd 0.43 <L.D* 0 .53 <L.D* <L.D* <L.D* <L.D* 0.44 <L.D* <L.D* <L.D* 
Tb 0 .08 <L.D* 0 .09 <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* 0 .08 
Dy 0 .32 <L.D* 0 .55 0.43 0 .54 0.49 0.47 0.49 0.47 0.42 0 .51 
Ho 0.08 0 .10 0 .14 0 .10 0 .12 0 .10 0 .10 0 . 11 0 .12 0.11 0.11 
Er 0 .3 4 <L.D* 0.47 0 .35 0.41 <L.D* 0 .34 <L.D* 0 .36 0 .36 0.37 

Tm 0 .07 <L.D* 0.10 <L.D* 0 .07 <L.D* <L.D* <L.D* <L.D* 0 .08 <L.D* 
Yb 0.44 <L.D* 0.46 <L.D* 0 .35 0 .27 0 .31 0.22 0 .27 0 .26 0 .30 
Lu 0 .07 <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* 
Hf 0.37 <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* 
Ta 0 .07 1.56 1.88 1 .33 1 .60 1.43 1.45 1.44 1.50 1 .35 1.47 
Tl 0.11 <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L. D * <L.D* <L.D* 
Pb 0.23 0 .28 0.48 0 .26 <L.D* 0.45 0 .24 0.40 0 .29 0.32 <L.D* 
Bi 0 .09 <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* <L.D* 0 .19 <L.D* <L.D* 
Th 0.08 0 .09 <L.D* <L.D* 0 . 11 <L.D* <L. D * <L.D* <L.D* <L.D* <L.D* 
u 0 .06 0 .06 0.07 0 .06 0 .09 <L.D* 0 .06 0 .06 <L.D* 0 .06 0 .06 

0 

*Values below the limit of detection of the instrument. 



Appendix 18: First set of experiments (T6 lOX, T7 lOX, T8 lOX) 

Element L.D. T6 10X T710X T810X 
Li 5.04 2.25 1.72 1.90 2.83 140 1.07 0 .88 0 .60 <L.D* 
Ti 2.98 46.1 51.9 75.8 53.7 48.3 51.6 53.6 54.9 55.8 
v 0.22 6.98 7.90 7.91 747 7.47 7.73 7.76 7.83 8.53 
Cr 2.32 ISO 198 20 1 138 140 143 196 160 220 
Rb 4.20 <L.D* <L.D* <L.D.* <L.D.* <L.D.* <L.D* <L.D* <L.D* <L.D* 
Sr 1.84 5.47 5.86 5.53 5.65 6.09 5.81 6.64 6.26 6.53 
y 0 .17 3.90 4.00 4 .00 3.99 3.87 4.04 4 .24 446 445 
Zr 0.39 5.69 5.55 5.27 5.76 4 .73 4 .23 5.37 8.66 6.47 
Nb 0.21 1.78 1.79 1.80 1.80 1.75 1.72 1.82 1.87 1.93 
Mo 1.25 <L.D* <L.D* <L.D* <L.D.* <L.D.* <L.D* <L.D* <L.D* <L.D* 
Cs 0.54 <L.D* <L.D* <L.D.* <L.D.* <L.D.* <L.D* <L.D.* <L.D* <L.D* 
Ba 2.16 10.3 7.56 8.01 9.24 745 7.56 9.83 8.91 11.2 
La 0.13 1.77 1.77 1.85 1.66 1.66 1.99 1.88 1.93 2.12 
Ce 0.12 4 .17 4.06 4 .12 3.77 3.71 4 .22 4 .15 4.14 4.39 
Pr 0.10 0.38 0.38 0.39 0.36 0.38 0.42 0.43 040 0.50 
Nd 1.22 1.33 1.53 1.50 1.25 1.37 1.70 1.74 1.69 2.17 
Sm 0.63 <L.D* <L.D* <L.D* <L.D* <L.D.* <L.D* <L.D* <L.D.* <L.D* 
Eu 0.18 <L.D* <L.D* <L.D* <L.D* <L.D.* <L.D* <L.D* <L.D* 0.22 
Gd 0.43 046 <L.D* <L.D* <L.D* <L.D* 0.44 0.53 0.50 0.64 
Tb 0.08 <L.D* <L.D* <L.D.* <L.D* <L.D* <L.D* 0.09 0 .08 0.12 
Dy 0.32 046 047 0.44 0.51 049 0.51 0.58 0.55 0.70 
Ho 0.08 0.11 0.11 0 .09 0.12 0. 11 0.12 0.13 0.14 0.15 
Er 0.34 < L.D* 0.39 0 .36 0.34 0.37 0.39 041 042 0 .55 
T m 0.07 <L.D* 0.05 0.05 0.04 0.06 0.07 0.08 0.06 0.12 
Yb 0.44 <L.D* <L.D* <L.D* <L.D* <L.D.* <L.D* <L.D.* 0.50 049 
Lu 0.07 <L.D.* <L.D.* <L.D.* <L.D* <L.D* <L.D.* <L.D.* <L.D* 0.07 
Hf 0.37 <L.D* <L.D* <L.D.* <L.D* <L.D.* <L.D* <L.D* <L.D* <L.D* 
T a 0.07 1.72 1.75 1.70 1.73 1.73 1.70 1.96 1.98 2.24 
Tl 0.11 <L.D* <L.D* <L.D* <L.D.* <L.D.* <L.D* <L.D* <L.D* <L.D* 
Pb 0.23 0.24 0.27 0.52 0.25 0.30 0.24 0.38 040 046 
Bi 0.09 <L.D* <L.D* <L.D* <L.D.* <L.D.* <L.D* 0.22 <L.D.* <L.D.* 
Th 0.08 <L.D* <L.D.* <L.D* <L.D.* <L.D.* <L.D* <L.D.* <L.D.* 0.08 
u 0.06 <L.D* 0.06 0.06 0.04 0.06 <L.D* O.D7 0.06 0.10 

0 
N *Values below the limit of detection of the instrument. 
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Appendix 21. Second set of experiments (CV -2, CVl, NIST 688-TO, NIST 688-T9, NIST 688-TlO). 

Element D.L. CV-2 CV-1 NIST 688-TO NIST 688-T9 NIST 688-T10 
Li 8.1 5.7 6 .8 42.2 6 .6 9.8 9.7 9.3 10.4 10.0 13.9 10.0 9 .0 10.9 
Ti 2.65 52 52 58 63 6652 6575 5983 6074 6783 6545 6477 6405 6284 
v 0.34 6.97 7.64 8.04 7.06 240 238 225 226 245 229 227 234 234 
Cr 20 1772 2120 2093 1993 1308 1271 1226 1256 1456 1403 1383 1356 1424 
Rb 1.42 <L.D.* <L.D.* <L.D.* <L.D.* 2.05 1.50 2.58 1.52 2.77 1.93 2.47 1.57 1.69 
Sr 1.5 4 .0 4 .8 5.1 5.0 151 150 141 142 152 144 148 151 144 
y 0.2 3.7 3.8 4.0 3.9 17 16 16 16 17 16 16 17 16 
Zr 0.39 5.43 6.05 5.85 4.31 52 52 48 50 52 49 48 51 49 
Nb 0.32 1.52 1.60 1.68 1.43 5 5 5 5 5 5 5 5 5 
Mo 1.62 <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* 
Cs 0.19 <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* 
Ba 1.35 6.93 8.26 8.03 8.44 153 151 154 150 152 152 147 162 155 
La 0.10 1.89 1.77 1.70 1.87 5 5 5 5 5 5 5 5 5 
Ce 0.06 3.73 3.71 3.43 3.73 11 11 11 11 10 10 11 11 11 
Pr 0.11 0.43 0.37 0.43 0.39 1.78 1.69 1.69 1.66 1.69 1.66 1.68 1.82 1.70 
Nd 0.66 1.12 1.27 1.43 1.41 7.77 7.49 7.41 7.43 7.75 7 .61 7.53 7 .92 7.37 
Sm 0.42 <L.D.* <L.D.* 0.32 0.31 2.31 2 .09 2.14 2.14 2.12 2 .12 2.22 2 .33 2.33 
Eu 0.12 <L.D.* <L.D.* 0.12 <L.D.* 0.95 0 .86 0.89 0.88 0.93 0 .88 0 .91 1.01 0.90 
Gd 0.35 <L.D.* <L.D.* <L.D.* <L.D.* 2.03 2 .00 1.93 2.05 2.02 1.96 2.01 2 .08 2.01 
Tb 0.06 <L.D.* <L.D.* <L.D.* <L.D.* 0.43 0.39 0.41 0.39 0.40 0 .39 0.45 0.40 0.41 
Dy 0.26 0.43 0.49 0.50 0.47 3.24 3.19 3.18 3.10 3.01 3.11 3.07 3.24 3.13 
Ho 0.04 0.09 0.09 0.12 0 .10 0.69 0 .68 0.67 0.66 0.67 0 .65 0.67 0.68 0 .67 
Er 0.22 0.26 0.31 0.40 0.32 2.01 1.94 1.93 1.89 1.86 1.92 1.96 2 .05 1.95 

Tm 0.06 0.06 <L.D.* 0.10 <L.D.* 0.33 0.30 0.29 0.31 0.29 0 .31 0.30 0 .33 0 .34 
Yb 0.31 <L.D.* <L.D.* <L.D.* <L.D.* 1.93 1.90 1.82 1.80 1.87 1.95 1.90 1.89 1.90 
Lu 0.07 <L.D.* <L.D.* <L.D.* <L.D.* 0.30 0.29 0 .28 0.27 0.29 0.30 0.29 0.30 0.30 
Hf 0.36 <L.D.* <L.D.* <L.D.* <L.D.* 1.45 1.42 1.35 1.37 1.41 1.47 1.48 1.46 1.36 
Ta 0.07 9.03 9.88 9.61 8.52 0.25 0.22 0.21 0.22 0.22 0 .26 0.23 0.25 0.26 
Tl 0.10 <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* 
Pb 2.03 <L.D.* <L.D.* <L.D.* <L.D.* 3.60 2.36 2 .23 2.17 2.68 4 .06 2.37 2.62 2.97 
Bi 0.11 <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.* 
Th 0.05 0 .08 0.10 0.08 <L.D.* 0.37 0.31 0.34 0.35 0.33 0 .33 0.34 0.36 0.32 
u 0.06 <L.D.* <L.D.* 0.07 <L.D.* 0.25 0 .31 0.25 0 .23 0.48 0 .25 0.26 0.28 0.24 

~ *Values below the limit of detection of the instrument. 
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Appendix 22. Second set of experiments (MESS-TO, MESS-Tl , MESS-T2, CV-0-A-TO, and CV-0-A-T9). 

Sample LD MESS-TO MESS-Tl MESS-T2 CV-0-A-TO 

Li 2.83 67 68 59 63 64 65 66 66 65 33 13 4 .7 
Ti 2.80 3597 3393 3617 3835 3874 3810 3888 3878 3598 53 69 44 
v 0.26 206 194 197 213 21 0 211 215 215 202 7.2 7.7 6.8 
Cr 4.58 596 515 530 576 606 552 622 584 533 1610 1855 1384 
Rb 2.16 114 114 115 128 121 114 103 123 130 <L.D* <L.D* <L.D* 
Sr 1.98 110 Ill 107 120 Ill 110 105 113 115 4.7 53 4.83 
y 0.18 19 19 18 20 20 20 20 22 21 3.7 3.8 3.7 
Zr 0.43 106 104 104 106 113 108 109 115 104 4.9 4.6 4.4 
Nb 0 .27 17 17 17 18 17 17 17 18 17 1.4 1.7 1.5 
Mo 1.60 2.9 3.0 2.8 2.7 3.2 3.1 2.9 3.0 2.9 <L.D* <L.D* <L.D* 
Cs 0.67 8.2 8.0 7.8 8.2 8.4 8.3 8.2 8.5 8.5 <L.D* <L.D* <L.D* 
Ba 0.88 1137 1092 1104 1151 11 44 1143 1134 1181 1138 7.2 83 7.5 
La 0. 11 34 34 33 36 33 35 34 37 37 2.2 1.9 2.6 
Ce 0. 10 57 61 56 63 59 62 62 67 66 4.1 3.7 4.1 
Pr 0 .09 7.7 7.8 7.5 8.2 7.5 8.0 7.8 8.5 84 0.5 0.5 0.5 

d 0.96 26 28 26 28 26 27 28 29 29 1.45 1.59 1.71 
Sm 0.47 5.0 5.1 4.9 5.3 5.0 5.1 5.2 5.7 5.7 <L.D* <L.D* 0.55 
Eu 0 .13 1.04 1.02 1.01 109 107 1.08 Ill 1.18 1 12 <L.D* 0.13 0.16 
Gd 0.25 1.80 1.68 1.64 1.68 176 1.53 1.73 1.76 1.88 0.27 0.31 0.34 
Tb 0.07 0.36 0.36 0.35 0 .38 0.33 038 0.40 0.40 039 <L.D* <L.D.* 0.07 
Dy 0. 19 3.48 3.40 333 3.67 3.65 3.67 3.93 4 .07 3.84 0.52 0.49 0.59 
Ho 0 .05 0.68 0.69 0.68 0.73 0.71 0.70 0.75 0 .80 0.76 0.11 0.10 0.12 
Er 0 .22 13 15 14 2.05 2.03 2.07 2.18 2.26 2.15 0.35 033 0.38 
Tm 0.05 0.31 0.31 0.28 0.35 0.32 033 0.35 0.38 0.36 0.07 0.07 0.09 
Yb 0 .39 1.90 1.72 1.79 1.88 1.83 1.92 2.04 2.11 1.96 <L.D* <L.D* <L.D* 
Lu 0 .06 0.29 0.28 0.29 0.30 0.30 0.31 0.33 0.32 0.32 <L.D* <L.D* <L.D* 
Hf 0.31 3.03 2.69 2.98 2.9 1 3.14 2.94 3.02 3.15 2.95 <L.D* <L.D* <L.D* 
Ta 0.07 0.88 0.83 0.85 0.87 0.88 0.89 0.87 0.88 0.87 6.98 7.65 6.51 
Tl 0. 11 0.95 0.89 0.89 1.03 1.03 0.98 0.92 0.97 0.94 <L.D* <L.D.* <L.D* 
Pb 2.02 19 20 19 20 20 20 16 19 19 <L.D* <L.D* <L.D* 
Bi 0. 11 034 0.27 0.27 0.31 0.34 0 .29 0.24 0.35 0.46 <L.D* <L.D* <L.D.* 
Th 0 .05 10.2 10.8 10.5 11.9 10.7 11.2 10.9 12.1 11.8 <L.D* <L.D* 0. 11 
u 0.06 2.87 3.05 2.91 3.20 3.07 3 02 3.18 345 331 <L.D* <L.D* 0.07 

*Values below the hm1t of detection of the mstrument. 

CV-0-A-T9 

1.4 4 .8 

43 49 

6.7 7.0 

1237 1258 

<L.D* <L.D* 
6.9 4.97 

4.0 4 .0 

5.1 5.0 

1.7 1.6 
<L.D.* <L.D.* 

<L.D* <L.D* 
7.0 6.9 

2.1 2.8 

4.1 5.0 

0.5 0 .5 

1.80 1.66 
<L.D* <L.D.* 

0. 19 0.17 

0.46 038 

0.08 <L.D* 
0.63 0.55 

0.13 0.11 

0.43 0.37 

0.08 0.08 

039 <L.D.* 
0.07 0.06 

<L.D.* <L.D* 
6.82 5.50 

<L.D.* <L.D* 
<L. D* <L.D* 

0.12 <L. D* 
0.12 0. 10 

<L.D* 0.06 



Appendix 23. Second set of experiments (AVG-TO, AVG-T9, AVG-TlO, SY-TO, SY-T9, SY-TlO). 

Sample LD AVG-TO AVG-T9 AVG-TIO SY-TO SY-T9 SY-TIO 
Li 4.44 25 .0 20.8 19.0 19.4 18.9 17.4 16.1 16.5 17.7 91.7 101 94.6 91.1 96.2 91.4 87.9 83 .9 <L.D.* 
Ti 5.10 7736 6491 6473 7110 6312 5946 6016 6111 6539 815 914 876 868 814 774 779 766 788 
v 0.34 151 126 128 138 122 113 115 119 127 51 57 54 53 49 47 48 47 49 
Cr 8.48 534 462 432 546 447 436 408 435 482 381 429 392 383 343 321 318 321 335 
Rb 2. 18 79.8 63.2 41.5 62.4 60.0 58.3 62.5 60.4 63.1 195 224 208 207 209 202 203 194 201 
Sr 3.63 744 545 553 590 575 565 587 580 602 236 267 252 252 257 246 251 237 245 
y 0.36 22.3 18.2 18.1 18.9 18.3 17. 1 17.8 17.4 17.8 104 119 112 112 114 Ill 112 106 109 
Zr 0.96 258 2 11 215 2 19 217 199 206 204 208 249 280 273 275 273 266 274 251 267 
Nb 0.55 20.5 16.4 16.6 16.9 16.5 15.3 15.7 15.4 15.7 31.7 36.4 34.7 34.9 34.6 34.0 34.0 32.1 33.4 
Mo 3.09 6.83 5.04 4.43 4.16 3.50 2.95 3.16 2.44 2.55 2.50 2 .55 2.63 2.12 2.10 1.69 2.14 1.53 2.15 
Cs 0.40 2.6 1 2.13 1.87 1.96 1.84 1.71 1.73 1.68 1.70 2.65 2 .98 2.75 2.85 2.84 2.66 2.72 2.50 2.64 
Ba 3.41 1849 1483 1449 1531 1502 1419 1415 1424 1464 381 435 420 403 420 401 402 381 405 
La 0.26 46.1 34.1 31.4 36.7 35.4 35.2 35.5 35.9 36.6 63 .7 71.7 68.8 67.7 69.9 65.3 66.1 64.0 65 .6 
Ce 0 .29 77.0 60.0 57.1 63 .1 61.4 59.9 59.2 60.5 61.9 138 156 149 145 156 145 145 139 146 
Pr 0 .25 10.37 7.55 7.20 8.2 1 7.85 7.79 7.85 7.93 8.02 18.5 20.7 19.6 19.3 19.9 18.9 19.0 18.4 19.1 
Nd 2 .58 39.3 28.7 27.5 29.5 28.6 27.8 28.3 28.5 28.6 67.0 76.9 72.6 71.6 75.1 69.7 70.4 67.2 69.9 
Sm 1.53 8.49 6.07 5.79 5.84 5.81 5.34 5.52 5.29 5.20 15.5 17.0 15.8 15.5 16.0 14.8 15.5 14.7 15.3 
Eu 0.45 2.44 1.83 1.71 1.81 1.63 1.52 1.58 1.52 1.47 2.52 2.86 2.70 2 .58 2.66 2.47 2.52 2.29 2.50 
Gd 0.85 2.97 2 .25 2. 11 1.92 1.98 1.58 1.97 1.86 1.74 9.39 11.4 10.4 10. 1 10.0 9.63 10.1 9.41 9.89 
Tb 0.20 0.62 0.48 0.41 0.43 0.39 0.38 0.36 0.33 0.34 2.14 2.44 2 .26 2.23 2.36 2.18 2.25 2.10 2.14 
Dy 0.70 4.99 3.8 1 3.61 3.66 3.46 3.23 3.31 3.23 3.16 18.0 20.6 19.0 19.0 19.6 18.3 18.9 17.8 18.6 
Ho 0.19 1.00 0.74 0.69 0.69 0 .67 0.59 0.61 0.58 0.56 4. 11 4 .70 4.4 1 4.42 4.49 4.19 4.33 4.07 4.25 
Er 0.78 3.35 2.20 2.06 1.98 1.87 1.65 1.72 1.55 1.54 13.4 15.3 14.2 14.3 14.7 13.7 14.0 13.3 13.8 
Tm 0.19 0.53 0.40 0.33 0.34 0 .28 0.28 0.26 0.24 0.24 2.26 2 .59 2.37 2.42 2.37 2.32 2.30 2.26 2.28 
Yb 0.97 2 .97 2.23 2.16 1.89 1.69 1.49 1.39 1.32 1.31 15.9 17.8 16.7 16.5 17.2 16.1 16.8 15.7 16.1 
Lu 0.20 0.53 0.38 0.34 0.30 0.27 0.23 0.25 0.18 0.17 2.68 3.00 2.92 2.85 2.80 2.67 2.75 2.61 2.73 
Hf 1.04 7.45 5.80 5.37 5.31 5.27 4.81 4.82 4.67 4.57 7.89 8.72 8.56 8.40 7.90 7.89 8.35 7.55 7.74 
Ta 0.19 1.27 0.98 0.86 0.87 0.84 0.72 0.75 0.72 0 .73 1.68 1.91 1.83 1.81 1.78 1.68 1.74 1.68 1.68 
Tl 0.32 1.03 0.79 0.63 0.71 0.58 0.55 0.54 0.44 0.49 2.63 2.93 2 .75 2.62 2.64 2.51 2.48 2.38 2.46 
Pb 0.83 42.4 34.7 32.1 33 .6 32.8 32.0 33.9 31.4 31.9 80.2 89.8 85.2 84.4 86. 1 81.4 83 .0 79.5 81.3 
Bi 0.31 0.46 <L.D.* <L.D* <L.D* <L.D* <L.D.* <L.D* <L.D.* <L.D* <L.D.* <L.D.* <L.D.* <L.D.* <L.D.' <L.D' <L.D.* <L.D.* <L.D.* 
Th 0.26 7.94 5.87 5.75 6.03 6 .07 5.97 5.83 5.89 5.91 345 385 361 359 359 349 359 343 358 
u 0. 19 2.45 <L.D* <L.D* <L.D.* <L.D* <L.D.* <L.D* <L.D.* <L.D.* 230 256 271 258 255 243 248 218 245 

*Values below the lirmt of detection of the mstrument. 
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Appendix 24. Third set of experiments. 

CV-0-A 

Element LD TO T9 TIO 

Li 0.75 1.13 1.09 1.33 1.21 1.12 1.03 0.99 1.27 1.15 

Ti 3. 16 44.5 49.6 53.2 45.3 54.3 40.4 51.3 47.4 51.0 

v 0.16 7.15 6.78 6.58 6.8 6.60 6.06 7.86 7.93 8.21 

Cr 1.80 69.4 6 1.4 55.9 57.8 54.2 515 64.1 63.0 63.5 

Rb 0.34 1.19 0.55 0.89 1.21 0.57 0.42 0.90 0.70 0.41 

Sr 2.28 6.98 6.88 11.9 6.84 6.32 7.35 6.5 1 6.79 6.3 1 
y 0.14 4.30 4.00 3.90 4.12 3.78 4.27 4.37 4.38 4.27 

Zr 0.33 4.08 4.21 4.36 4.65 4.22 4.64 7.18 5.71 5.40 

Nb 0.19 1.74 1.62 1.62 1.656 1.57 2.19 1.77 1.87 1.69 

Mo 1.09 2.27 1.06 2.30 2.557 6.251 1.128 1.43 <1.087 2.917 

Cs 0.11 <0.11 <0.11 <0.11 <0.11 <0.11 <0.1 1 <0.11 <0.11 <0.11 

Ba 1.46 8.61 8.09 18.15 8.55 8 94 9.23 8.52 9.95 8.71 

La 0.10 1.90 1.85 3.09 1.94 1.76 1.94 2.63 1.86 1.90 

Ce 0.11 4.15 4 01 5.88 4.19 3.93 4.15 5.01 4.08 4.03 

Pr 007 0.45 0.46 0.70 0.43 0.44 0.47 0.53 0.46 0.46 

Nd 0.69 2.04 1.89 2.96 1.88 1.79 1.84 2.22 1.86 1.76 

Sm 0.32 0.52 0.50 0.73 0.5 1 0.47 0.47 0.50 0.51 0.43 

Eu 0.11 0.21 0. 19 0.22 0.19 0.17 0.17 0.19 0.17 0.16 

Gd 0.23 0.58 0.54 0.60 0.55 0.50 0.50 0.59 0.56 0.50 

Tb 0.05 0.10 0.09 0.10 0.09 0.08 0.08 0.09 0.09 0.08 

Dy 0.18 0.69 0.59 0.62 0.61 0.58 0.64 0.67 0.64 0.59 

Ho 0.04 0.14 0.14 0. 14 0. 15 0.13 0.14 0.15 0. 15 0.14 

Er 0.16 0.50 0.48 0.49 0.47 0.50 0.48 0.46 0.48 0.40 

Tm 0.04 0.08 0.10 0.10 007 0.10 0.11 0.06 0.11 0.10 

Yb 0.19 0.53 0.47 0.5 1 0.46 0.44 0.49 0.46 0.44 0.45 

Lu 0.04 0.07 0.07 0.07 0.07 0.06 0.07 0.06 0.06 0.06 

Hf 0.20 <0.195 <0.195 <0.195 <0. 195 <0.195 <0.195 <0.105 <0.105 <0. 105 

Ta 0.04 1.61 1.62 1.56 1.537 1.465 1.549 1.53 158 1.50 

n 0.20 <0.198 <0.198 <0.198 <0.198 <0.198 <0.198 <0.198 <0.198 <0.198 

Pb 0.46 0.53 0.45 1.61 0.547 1.781 <0.459 0.68 <0.459 1.923 

Bi 0.07 <0.067 <0.067 <0 067 0.136 <0.067 0.07 0.32 0.1 0.0 

Th 0.05 0.09 0.10 0.12 0.121 0.076 0.064 0.09 0.1 0.1 

u 0.05 0.07 0.09 0.11 0.07 0.09 0.083 0.06 0.1 0.1 

*Values below the limit of detection of the instrument. 

TO 

2.29 1.13 0.93 

75.8 72.9 72.9 

10.4 10.8 10.3 

329 337 339 

1.07 0.69 0.45 

8.97 9.46 21.15 

3.87 3.98 4.16 

5.53 5.42 5.03 

2.27 2.26 2.10 

4.36 3.45 3.22 

<0.11 <0.11 <0.11 

15.0 13.3 14.0 

2.01 2.08 2.43 

3.59 3.55 4.09 

0.45 0.5 1 0.59 

2.02 2.12 2.23 

0.47 0.41 0.46 

0.17 0.16 0.17 

0.51 0.51 0.54 

0.08 0.08 0.09 

0.57 0.58 0.61 

0.12 0.13 0.13 

0.40 0.37 0.46 

0.06 0.09 0.10 

0.38 0.38 0.43 

0.06 0.05 0.06 

<0.2 <0.2 <0.2 

<0.04 <0.04 <0.04 

<0.2 <0.2 <0.2 

0.72 0.69 0.54 

0.11 0.11 0.09 

0.08 0.07 0.11 

<0.05 <0.05 <0.05 

CV-0-B CV-1 

T9 TI O TO T9 TIO 

0.89 1.14 1.03 1.01 3.07 1.14 1.13 1.29 1.33 1.12 1.29 1.18 1.60 1.31 1.33 

78.2 72.9 73.8 69.5 71.9 68.3 205 193 199 185 194 202 197 190 174 

10.3 10.3 10.3 9.03 9.90 9.27 18.8 18.9 19.5 17.7 18.6 18.5 18.5 18.5 17.2 

333 336 327 274 282 275 439 438 451 441 439 432 436 434 425 

0.89 0.72 0.56 132 0.65 <0.34 135 1.00 0.84 157 1.08 0.79 1.92 0.99 1.04 

8.79 8.82 9.15 8.4 1 8.94 9.02 13.3 15.1 14.7 13.9 14.8 14.2 14.1 14.0 14.1 

3.85 3.68 3.91 3.47 3.70 3.47 6.48 6.56 6.88 6.37 6.53 6.23 6.45 6.49 6.38 

5.48 5.50 6.50 8.00 4.82 5.50 6.52 6.75 8.73 6.65 6.32 6.84 6.84 6.85 6.29 

2 09 2.22 2.18 2.02 2.10 2.08 2.86 2.79 2.99 2.55 2.78 2.78 2.75 2.76 2.58 

4.65 4.80 4.99 3.91 3.5 1 4.98 3.93 4.82 6.28 4.30 4.74 6.72 4.22 4.47 4.69 

<0.11 <0.11 <0.11 <0. 11 <0.11 <0.11 <0.11 <0.11 <0.11 <0.11 <0. 11 <0. 11 <0.11 <0.11 <0.11 

11.5 13.9 12.2 12.8 11.9 11.0 17.8 18.6 19.0 18.3 19.2 18.2 18.2 19.3 20.1 

1.95 2.24 2.04 1.86 1.84 1.88 3.92 3.86 3.95 3.89 4.01 3.88 4.19 4.36 3.92 

3.41 3.70 3.47 3.24 3.07 3.11 6.79 6.71 6.64 6.73 6.81 6.63 7.46 7.38 6.81 

0.45 0.53 0.50 0.42 0.46 0.47 0.84 0.87 0.87 0.81 0.90 0.88 0.86 0.90 0.85 

1.78 2.08 206 1.84 2. 13 2.08 3.27 3.63 3.43 3.26 3.52 3.34 3.44 3.49 3.38 

0.35 0.47 0.54 <0.32 0.60 0.55 0.63 0.76 0.79 0.58 0.82 0.66 0.61 0.75 0.64 

0.16 0.17 0. 17 0. 17 0.19 0.18 0.25 0.27 0.29 0.25 0.28 0.26 0.24 0.25 0.25 

0.65 0.52 0.51 0.53 0.54 0.50 0.79 0.84 0.80 0.78 0.90 0.87 0.79 0.82 0.82 

0.08 0.09 0.08 <0.05 <0.05 <0.05 0.12 0.13 0.14 0.11 0.12 0.12 0.12 0.12 0.12 

0.54 0.56 0.55 0.54 0.55 0.53 0.88 0.95 0.97 0.86 0.94 092 0.87 0.90 0.89 

0.12 0.12 0. 12 0. 11 0.12 0.12 0.20 0.21 0.21 0.20 0.20 0.20 0.20 0.19 0.19 

0.37 0.40 0.41 0.37 0.39 0.42 0.58 0.7 1 0.68 0.59 0.64 0.62 0.61 0.63 0.65 

0.05 0.09 0.09 <0.04 <0.04 <0.04 0.08 0.13 0. 13 0.08 0.13 0. 12 0.09 0.11 0.11 

0.36 0.4 1 0.38 0.38 0.44 0.4 1 0.61 0.63 0.66 0.54 0.64 0.62 0.55 0.65 0.60 

0.05 0.05 0.05 0.05 0.06 0.05 0.08 0.09 0.08 0.07 0.08 0.08 0.08 0.09 0.08 

<0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

<0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 

<0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

0.46 0.52 0.54 <0.46 <0.46 <0.46 <0.46 0.54 0.70 0.52 0.5 1 0.46 1.06 0.51 0.59 

<0.07 0.18 0. 12 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 0.13 <0.07 0.08 <0.07 <0.07 <0.07 

0.09 0.08 0.08 0.10 0.10 0.09 0.21 0.20 0.21 0.21 0.22 0.21 0.23 0.23 0.21 

<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.08 0.07 <0.05 0.08 0.06 <0.05 0.06 0.06 



Appendix 24. (Continued). 

CV-5 CV-10 

Elem ent LD TO T9 TIO TO T9 TIO 

Li 0.22 1.09 0 .81 0 .71 0 .91 0 .58 0 .72 0 .82 0.97 0.49 0 .80 1.23 1.0 2 0 .81 1.17 1.59 1.27 1.51 1.04 

Ti 4.05 205 197 183 167 219 224 219 196 182 112.6 131 .2 137.9 112 125 133 149 152 155 

v 0 .27 16.8 17.9 14.8 16.0 17.5 17.4 18 18 16 10.5 12.6 13 .6 10.6 11.3 11.6 15.1 15 .9 14.9 

Cr 2.12 279 288 269 264 280 281 289 289 250 231 260 309 218 209 209 332 340 266 

Rb 0 .69 1.52 0 .95 0 .70 1.36 1.05 <LD.* 1.92 1.21 0 .71 1.42 1.12 0 .92 1.49 1.06 1.08 1.68 1.14 0 .87 

Sr 2 .62 12.6 12.3 11.8 11.2 11.2 11.4 12.5 11.6 10.5 10.6 11.2 11.5 9 .95 11.3 13.5 11.3 11.2 10.2 
y 0 .26 6 .55 6 .34 6 . 14 5 .99 5 .98 6 .34 6 .64 5.88 5.46 5 .44 5.48 5.40 5 .03 5.46 5 .75 5 .94 5 .68 5 .54 

Zr 0 .48 5 .33 5 .15 4. 18 4 .56 4 .80 3 .98 6.35 5.47 3 .90 3 .76 5 .43 4.42 3 .91 4 .23 7 .91 4 . 14 4 .75 5 .80 

Nb 0 .35 1.88 I. 78 1.49 1.65 1.75 I. 77 2.00 1.95 1.72 1.36 1.5 1 1.56 1.26 1.44 1.47 1.51 1.55 1.55 

Mo 2 .06 4 .24 4 .17 4.89 3 .55 2 .85 2 .87 3 . 12 2 .75 2 .56 2.31 2 .63 2 .56 2 .58 2 .30 2.88 2.46 3 .09 2 .69 

Cs 0 .18 <LD.• <LD.• <LD.• <LD.• <LD.• <LD.• <LD.• <LD.• <LD* <LD.• < LD.• <LD.• <LD* <LD* <LD* <LD .• < LD.• < LD.• 

Ba 1.87 17.6 24.4 17 .9 16.7 16.8 17.6 17.9 17.3 14.8 16.1 17.1 17.7 17.72 25 .05 18.58 17.5 18.5 16 .8 

La 0 .15 3 .28 3 .13 3.56 3 .26 3 .08 3.47 3.38 3.34 2 .85 2 .63 2 .73 2 .92 2 .74 2 .78 4.03 2 .88 2 .74 3 .00 

Ce 0 .15 5 .32 5 .06 5 .63 5 .12 5 .04 5.47 5.50 5.26 4.45 4 .87 4 .91 5 .19 4 .86 4.78 5 .86 5 .15 4 .86 5 .21 

Pr 0 . 12 0 .73 0 .75 0.79 0 .69 0 .70 078 0.71 0 .78 0 .63 0 .60 0 .65 0 .68 0 .60 0 .63 1.16 0.64 0 .65 0 .66 

Nd 0 .84 3 .34 3 .18 3 .11 2 .92 2 .67 3 .07 3 . 16 3.01 2 .37 2 .57 2 .57 2 .64 2.48 2 .56 3 .44 2 .7 7 2.40 2 .55 

Sm 0.47 0 .81 0 .66 0 .61 0 .59 0 .54 0 .60 0.69 0.58 0.49 0 .55 0 .56 0 .51 0 .51 0 .56 0 .92 0 .56 0 .52 0.47 

Eu 0 .15 0.29 0 .23 0 .22 0 .24 0 .20 0 .23 0.27 0.22 0 . 19 0 .22 0 .20 0 .19 0 .21 0 .20 0. 19 0 .21 0 .20 0 .18 

Gd 0.32 0.81 0.75 0.73 0 .81 0 .74 0 .76 0.86 0 .75 0 .66 0 .76 0 .72 0 .69 0 .73 0 .70 0 .67 0 .73 0 .67 0 .6 4 

Tb 0 .10 0 .17 0 .13 0 .11 0 . 12 0 .12 0 .11 0 . 13 0 . 12 0 .09 <0 .1 <0 .1 <0 .1 <0 .1 <0. 1 <0 .1 <0 . 1 <0.1 <0. 1 

Dy 0 .34 0 .94 0 .83 0 .84 0 .85 0 .79 0 .85 0 .92 0.85 0 .77 0 .83 0 .78 0 .76 0 .75 0. 74 0 .76 0 .78 0 .74 0 .75 

Ho 0 .11 0 .22 0 .20 0 . 19 0 . 19 0 . 17 0 .19 0. 19 0.20 0 . 16 0 .18 0 . 17 0 . 16 0 .17 0 . 16 0.17 0 . 17 0 .16 0 .16 

Er 0 .34 0 .71 0 .63 0 .59 0 .59 0 .60 0 .61 0.63 0.61 0 .58 0 .54 0 .54 0 .56 0 .55 0 .54 0.75 0 .54 0 .54 0 .49 

Tm 0 .10 0.11 0 . 13 0. 12 <0 . 103 0 .11 0 .12 0 .08 0 .13 <0 .103 <0 . 10 0 .12 0 . 11 < 0. 1 <0. 1 0 .38 <0 .1 <0. 1 <0.1 

Yb 0 .35 0 .70 0 .61 0 .58 0 .56 0 .56 0 .58 0 .63 0 .53 0.46 0 .55 0 .53 0.48 0 .54 0 .53 0 .46 0 .52 0 .50 0.45 

Lu 0 .05 0 .09 0 .08 0 .08 0 .08 0 .07 0.07 0 .08 0.08 0 .06 0 .08 0 .07 0 .07 0 .0 7 0 .07 0 .06 0 .07 0 .07 0 .06 

Hf 0 .27 <LD* <LD.• <LD.* <LD* < LD.* <LD* <LD* <LD.* <LD* 0 .04 0 .05 < LD.* <LD* <LD* <LD* <LD* <LD* <LD* 

Ta 0 .06 <LD.* <LD.• <LD.• <LD* <LD.* <LD.• <LD.• <LD.• <LD.• <LD.• <LD.• <LD.* <LD.• <LD.• <LD* <LD.• <LD.• <LD* 

Tl 0 .20 <LD.• <LD.* <LD.* <LD.* <LD* <LD.* <LD.* <LD* <LD* <LD.* <LD.* < LD.* <LD* < LD.* 0 .33 <LD .* <LD* <LD.* 

Pb 1.44 <LD.* <LD.• <LD* <LD.• <LD.* <LD* <LD.* <LD.• <LD* <LD.* <LD.• <LD.* <LD.* <LD.* <LD* <LD* <LD* <LD.• 

Bi 0 .09 0 .17 0 .11 0 .12 <LD* <LD.* < LD.• <LD.* <LD* <LD.• <LD.• <LD* <LD.• <LD.• <LD .* <LD .• <LD.• <LD.* <LD.• 

Th 0 .07 0 . 15 0 .09 0 .09 0 . 13 0 .08 0 .11 0 . 11 0. 15 0 .0 8 2 .09 0 .13 0 .08 0 .10 <LD .* <LD * 0 .09 0 .07 0 .0 8 

u 0 .09 <LD* <LD.• <LD.* <LD* <LD.* <LD* <LD .• <LD.* <LD* <LD.* <LD* <LD .* <LD.* <LD* 0.33 <0.09 <0.09 <0.09 

o *Values below the limit of detection of the instrument. 
'-0 



Appendix 25. Third set of experiments (2 months later). 

CV-0-A CV-0-B 

Element LD TO T9 TIO TO T9 T lO 

Li 13.4 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Ti 106 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 83.1 

v 7.7 <DL <DL <DL <DL <DL <DL <DL <DL <DL 8.46 8.31 9 .06 8.90 10.6 10.5 11.6 12.5 11.2 

Cr 8.6 <DL <DL <DL <DL <DL <DL <DL <DL <DL 318 306 320 265 318 283 291 295 273 

Cr 76 344 323 339 379 451 414 451 456 495 859 779 764 589 693 657 677 675 474 

Rb 2 . 1 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Sr 14 .1 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 
y 1.3 3 .14 2.69 2.7 1 2.60 3. 11 3 .58 3 . 14 3 .05 3 .28 3.27 2.80 2.65 3.11 3 .33 3 .65 3.92 4 .10 3 .89 

Zr 3.2 <DL <DL <DL <DL <DL <DL <DL <DL <DL 2.79 2.84 3.08 3.83 4.66 4.80 6.48 5 .83 5 .38 

Nb 2 .2 <DL <DL <DL <DL <DL <DL <DL <DL <DL 0.72 0.79 0 .63 1.13 1.44 1.59 1.79 1.92 2.29 

Mo 12.0 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Cs 1.1 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Ba 11.8 30.64 <DL 13 09 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 12.96 <DL 12.66 <DL 12.62 

La 0.9 1.2 1 1. 12 1.42 1.19 1.16 1.39 <DL <DL <DL 1.55 1.41 1.56 1.58 2.03 1.87 2 .02 1.78 1.98 

Ce 0 .8 3 .24 2.9 1 3.33 2 .86 3.3 I 3 .23 3 .96 3 .77 3.34 2.92 2.63 2.78 2.92 3.56 3.08 3.41 3 .16 3 .11 

Pr 0 .7 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Nd 6.2 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Sm 3.2 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Eu 1.00 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Gd 1.8 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Tb 0.33 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Dy 1.33 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Ho 0.34 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Er 1.36 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Tm 0.3 1 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Yb 1.95 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Lu 0.4 1 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Hf 1.48 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Ta 0.38 2.26 2. 12 2.24 1.97 2.36 2.49 2 .12 2.04 2.25 <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Tl 0.9 1 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Pb 1.92 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Bi 0.78 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Th 0 .56 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

u 0.38 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 
0 

*Values below the hm1t of detectiOn of the rnstrument. 



Appendix 25. (Continued). 

CV-1 CV-5 CV-10 

El~menl DL TO T9 TIO TO T9 TIO DL TO T9 TIO 

u 10.9 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 12.9 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Ti 29.7 199 174 164 164 179 177 197 179 173 195 193 195 189 242 228 239 218 192 26.9 128 151 152 153 153 158 173 163 159 

v 2.33 18.4 17.3 16.7 15.2 16.8 15.9 18.4 17.0 16.8 16.1 17.3 15 .6 17.7 19.2 17.8 20.5 20.7 18.5 1.94 12.6 15.4 16.8 15. 1 15 .2 15.6 17.7 17.2 16. 1 

Cr 2 336 319 306 304 323 289 327 302 318 195 186 203 209 207 196 234 252 199 3 223 245 308 249 237 233 327 309 235 
Cr 22 667 613 581 558 607 566 638 582 604 511 513 513 570 588 547 758 768 675 24 519 607 686 605 598 604 740 722 637 
Rb 2.63 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 2.29 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Sr 14.7 11 .3 11.9 12.4 12.7 15.2 16. 1 17.6 18.3 17. 1 <DL 20.6 18.0 18. 1 22.9 22.2 18.2 14.1 13.6 16.3 <DL 18.2 <DL 16.7 <DL <DL <DL <DL <DL 
y 1.42 6.29 6.00 5.98 5.61 6.13 5.90 6.38 6.17 6.32 5.98 6.79 6.98 6.63 7.62 6.93 7.53 6.65 5.65 1.48 6.33 6.31 6.32 6.90 6.98 6.09 6.05 6 .25 6.23 
Zr 3.37 6.6 6.0 1 6.878 5. 109 7 5.92 6.53 7.03 6.76 5.42 6. 19 6.07 7.04 6.78 6.54 6.05 5.70 4.48 3.4 4 .01 6.07 5.59 5.78 4.97 6.80 5.25 4.45 6. 11 
Nb 2.17 2.414 2.31 2.327 <DL 2.523 2.62 2.91 2.84 2.94 <DL 2.76 2. 19 2 .32 3.21 3.01 2.53 2.31 1.79 2. 1 <DL <DL 2. 141 <DL <DL 2.2 <DL <DL <DL 
Mo 12.7 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 15.9 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Cs 1.0 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 0.88 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Ba 9.34 16.8 16.9 17. 1 16.6 19.7 18. 1 18.8 17.9 20.4 17.4 21.9 22.3 20.3 24.7 22.2 <DL <DL <DL 27.6 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
La 0.72 3.88 3.61 3.59 3.35 3.81 3.56 4.10 4.09 3.85 3.22 3.63 3.95 3.69 4.08 3.94 3.67 3.51 2.92 0.77 2.99 3.29 3.31 3. 19 3.08 3.81 3.26 3.09 3.34 
Ce 0.75 6.68 6.13 5.93 5.81 6.26 5.92 6.96 6.6 1 6. 18 4.77 5.36 6. 16 5.47 6.07 5.67 5.82 5.47 4.34 0.81 5.23 5.41 5.56 5.54 5. 12 6.06 5.46 5.15 5.44 
Pr 0.61 0.75 0.74 0.76 0.70 0.85 0.83 0.98 1.06 0.95 0.70 1.04 1.07 0.98 1.15 1.15 0.94 0.89 0.74 0.57 0.80 0.84 0.90 0.81 0.72 0.86 0.76 0.72 0.82 
Nd 6. 15 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 7. 11 6.74 5. 11 <DL <DL 6. 15 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Sm 3.56 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 2.42 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Eu 0.86 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 0.79 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Gd 1.73 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 1.54 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Tb 0.35 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 0.28 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Dy 1.13 <DL <DL <DL <DL <DL <DL 1.085 1.349 1.222 <DL <DL <DL <DL 1.72 1.79 <DL <DL <DL 1.40 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Ho 0.32 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 0.36 <DL <DL 0.38 0.35 0.306 <DL <DL 0.28 <DL <DL <DL <DL <DL <OL <DL <DL <DL 
Er 1.38 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 1.47 1.42 1.17 <DL <DL 1.06 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Tm 0.34 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 0.355 <DL <DL <DL 0.27 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Yb 2.03 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 1.80 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Lu 0.35 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 0.29 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Hf 1.80 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 1.49 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Ta 0.3 1 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 0.38 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
T1 0.54 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 0.68 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Pb 1.38 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 2.42 <DL <DL <DL <DL 1.12 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Bi 0.49 <DL <DL <DL <DL <DL <DL <DL <DL <OL <DL <DL <OL <DL <DL <DL <DL <DL <DL 0.59 <DL <OL <DL <DL <DL <OL <DL <DL <DL 
Th 0.47 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <OL <DL <DL <DL 0.40 <DL <DL <DL <DL <DL <DL <DL <DL <DL 
u 0.37 <DL <DL <DL <DL <DL <DL <DL <DL <OL <DL <DL <DL <DL <DL <DL <DL <DL <DL 0.29 <DL <DL <DL <DL <DL <DL <DL <DL <DL 

*Values below the lumt of detection of the mstrument. 
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Appendix 26. Energy-dispersive spectra (EDS). 

The EDS correspond to the grain number in Identification Key of the SEM Epoxy 

Mount. (Minerals are abbreviated, See List of abbreviations) 
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EDS- grain 17: AI oxide EDS - grain 18: Fe oxide 
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EDS- grain 21: Qtz with Fe oxide inclusion EDS - grain 22: Fe oxide 
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EDS- grain 25: Am (gru) 
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EDS- grain 29: Fe oxide EDS- grain 30: Fe oxide 
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EDS- grain 33: Fe oxide 

900 Fe 

800 

700 

600 

500 

400 

300 

200 
Fe 

100 

id, • 

0 
Fe 

' 
keV 

" 
10.00 

EDS- grain 35: Mg, Ca, Mn, Fe cb 

7001~------------,C~a-----------------------. 

600 

500 

400 

300 

200 

100 

Fe 
Mn 

Mg 

a 

Fe 
Mn 

keV 

10.00 

EDS - grain 34: Qtz 

Si 
1400 

1300 

1200 

1100 

1000 

900 

800 

700 

600 

500 

400 

300 

200 

100 

0 
0 

EDS - grain 36: Mg, Ca, Mn, Fe cb 

Ca 

800 

700 

100 

500 

400 

300 Mg 

200 

100 Fe 
Mn 

Ca 

120 



EDS- grain 37: Qtz EDS - grain 38: Fe oxide 
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